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ABSTRACT
The eastern margin of the Tibetan plateau is characterized by large rivers dissecting
regional topography that has been uplifted in association with the continued convergence of
the Indian subcontinent and Eurasia. In this thesis, I utilize field observations, digital
topographic data, cosmogenic isotope data, low-temperature thermochronology and
numerical simulations to better understand the evolution of these rivers and tectonics of the
region. The goals of this work are: 1) to characterize the rates and processes of river incision
and erosion associated with major rivers dissecting the eastern margin; 2) to better
understand and constrain the transient landscape evolution that defines regional topography;
and 3) to move closer to understanding the relationships among tectonics, topography and
erosion that apply directly to the eastern margin, and may be applied to other landscapes
around the world.
To accomplish these goals, I study the rates and processes of river incision and
erosion on the eastern margin on a variety of spatial and temporal scales. I discuss local
incision processes and related landforms by exploring the influence of large landslides and
discussing epigenetic gorges, which are secondary bedrock-walled channels that form in
relation to episodes of river blockage or afgradation. I quantify short-term (102-105 yr)
erosion rates using cosmogenic isotopes ( Be) from river sand for 65 small river basins
(typically <100 km2) throughout the eastern margin, and long-term (106-107 yr) incision rates
using low-temperature thermochronology from elevation transects collected within the Dadu,
Yalong, and Yangtze river gorges. Each short-term, basin-averaged erosion rate represents
erosion for a unique subset of eastern margin topography, lying within the context of the
large-scale transient morphology of the region; while the long-term incision rates quantify
the onset and rates of rapid incision associated with regional scale river response to plateau
uplift. All of these datasets combine to provide a valuable example of a large, actively
evolving transient river with spatially variable erosion and incision, from which can be drawn
implications for regional tectonics and models of river incision and landscape evolution, in
general.
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Leigh H. Royden, Professor of Geology and Geophysics
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I am among those who think that science
has great beauty. A scientist in his laboratory is
not only a technician: he is also a child placed
before natural phenomena which impress him
like a fairy tale.
- Marie Curie
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Chapter 1
Introduction
The eastern margin of the Tibetan plateau has some the world's deepest river gorges.
However, the deeply dissected, high-relief terrain that characterizes these gorges is juxtaposed
against un-dissected, low-relief, low-slope remnants of topography thought to represent the pre-
uplift or relict landscape of the region (Clark et al., 2006). These topographic extremes highlight
the diversity of landscapes that can be found in this setting. They also speak to most salient
aspect of landscape evolution in the region: river incision and landscape adjustment are
incomplete, or transient. Remnants of relict topography only persist because the region's largest
rivers have only just begun, relatively speaking, to dissect the plateau, and they are likely to
continue doing so for millions of year to come. For this reason, I argue, the eastern margin is
one of the most ideal settings in which to study active, large-scale transient landscape evolution.
The main objectives of this thesis are 1) to characterize the rates and processes of river
incision and erosion associated with major rivers dissecting the eastern margin; 2) to better
understand and constrain the transient landscape evolution that defines regional topography; and
3) to move closer to understanding relationships among tectonics, topography and erosion that
apply directly to the eastern margin, and may be portable to other landscapes around the world.
The approach is to combine field observations, digital topographic data, cosmogenic isotope
data, low-temperature thermochronology and numerical simulations to better understand the
evolution of these rivers. This multi-disciplinary approach allows for the characterization of the
spatial distribution of erosion and river incision at a range of temporal and spatial scales, and for
the acquisition of information about the relative roles of important surface processes.
Altogether, these aspects are crucial for developing geodynamic models that explore the tectonic
history and landscape evolution of the entire eastern margin of the Tibetan plateau, as well as for
lending insight into such processes in other locations around the world.
Background
Recent topographic analyses have yielded valuable insights into the geodynamic
evolution of the eastern margin and its diverse landscapes. The foundation of this thesis is a
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group of studies that identified and characterized the relict topography throughout the region and
used it to constrain regional deformation, surface uplift and the initiation of river incision
throughout the Dadu and Yalong River drainages (Clark et al., 2005a; Clark et al., 2005b; Clark
et al., 2006). Much of my work is aimed at characterizing and better constraining river response
to the uplift and deformation developed in these studies. I also build off of studies that highlight
the utility of topographic analyses to constrain local tectonic and climatic controls on rates of
bedrock river incision and landscape evolution in other rivers in the region. These include
studies that use river profiles to: (1) constrain surface uplift and phases of river incision along the
Red River in southern Yunnan Province (Schoenbohm et al., 2004); (2) determine relative rates
of rock uplift to the north of the Sichuan Basin within the Min River drainage (Kirby et al.,
2003); and (3) analyze patterns and controls on fluvial incision in the upper reaches of the
Yellow River (Harkins et al., 2007).
The above studies also fit more broadly into research aiming to better understand
feedbacks among topography, the rate and style of tectonic deformation, climate and surface
processes and erosion (e.g., Willett, 1999; Beaumont et al., 2001; Whipple and Meade, 2004).
The recognition of these feedbacks has driven research into quantifying how landscapes respond
to changes in local or regional tectonic forcing, base-level fall or climate. Classically, these
studies have relied on steady-state formulations and discussions of equilibrium river profiles
(Hack, 1957; Howard, 1994; Whipple and Tucker, 1999). More recently, however, transient
landscapes that are actively adjusting to a change in one of these external forcings have been
recognized to offer the opportunity to test and improve incision models that have similar
equilibrium forms (Stock and Montgomery, 1999; Whipple and Tucker, 2002; van der Beek et
al., 2003; Whipple, 2004; Crosby et al., 2007; Gasparini et al., 2006; Gasparini et al., 2007).
Because the landscape of the eastern margin of the Tibetan plateau is one of the broadest, most
dramatic examples of a transient landscape anywhere on earth, it provides the unique opportunity
to study models of river incision and large-scale response to regional tectonic forcing.
Chapters 2-7
The chapters in this thesis summarize my efforts to better understand the processes, rates
and landforms involved in landscape erosion and transient river incision within the major river
gorges of the eastern margin of the Tibetan plateau. The study area lies to the east of the Eastern
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Himalayan Syntaxis and to the west of the Sichuan Basin in western Sichuan. This broad region
is dissected by three of Asia's largest rivers: the Yangtze, Mekong and Salween. The focus of
my analysis is on two of the Yangtze River's largest tributaries, the Dadu and Yalong, which lie
east of the Eastern Himalayan Syntaxis and directly to the west of the Sichuan Basin. I also
include a limited degree of analysis in the Min river drainage to the east of the Dadu river and
north of the Sichuan Basin and within the Yangtze gorge itself, west of Yalong river.
Chapter 2 explores the influence of large landslides on river incision in a transient
landscape. Large landslides are a prominent feature of hillslope erosion in steep, actively
incising landscapes like the eastern margin, yet few models of bedrock river incision and
landscape evolution allow for dynamic feedbacks between river incision and the influence of
large landslides. My study of large landslides in the region came about as I was looking for
evidence of active river incision (strath terraces, etc.) in the Dadu river gorge. Time and time
again the landforms I was observing in the valley were identified as being related to large
landslides and landslide dams, and as a result I began to consider their influence on river
incision. Chapter 2 is the synthesis of this work to understand the role of landslides in the
incision of eastern margin gorges. I report on examples from my fieldwork which highlight the
interaction among landslide dams, channel morphology, longitudinal river profiles, and river
incision. I then use these examples to motivate and formulate a simple, probabilistic, numerical
model which provides a quantitative framework for evaluating how landslides influence long-
term river incision and landscapes in general. One of the relevant results of this chapter is that
landslide effects are studied as a by-product of transient adjustment initiated by regional uplift
and rapid incision. However, over timescales relevant to landscape evolution (>10 4 yr), large
landslides can also act as a primary control on channel morphology and longitudinal river
profiles, inhibiting incision and further preventing the complete adjustment of rivers to regional
tectonic, climatic and lithologic forcing.
Chapter 3 discusses a landform that I identified in river gorges on the eastern margin that
is related to large landslides and landslide dams. The landform in question is called an
epigenetic gorge, defined as a bedrock-walled river channel segment that forms as rivers incise
into valley-filling deposits and become superimposed on bedrock spurs or entrenched into side-
walls of the former valley. My identification of epigenetic gorges on the eastern margin sparked
their identification in the field areas of other MIT students working within actively incising
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landscapes. Chapter 3 summarizes these findings and highlights the prevalence of epigenetic
gorges in actively incising fluvial landscapes around the world. I introduce conceptual models
for the formation of epigenetic gorges in relation to landslides and fluvial aggradation and
support these models with examples from rivers that drain the eastern margin of the Tibetan
Plateau, the Peruvian Andes, the Colorado Plateau, and the North Island of New Zealand. I then
use these examples to discuss the dynamics involved in epigenetic gorge formation, as well as
explore their significance and implications in the context of studying the rates and processes of
bedrock river incision and landscape evolution. Both epigenetic gorges and the influence of
landslides are indicative of the variability of short-term bedrock river incision and autogenic
dynamics of actively incising fluvial landscapes. And a result, strath terraces and sculpted
bedrock walls that form in relation to epigenetic gorges and landslide dams should not be used to
directly infer river incision induced by tectonic activity or climate variability.
In chapter 4, I utilize cosmogenic isotopes (10Be) from river sand to systematically
explore the rates and patterns of short-term (102-105 yr) basin-wide erosion on the eastern
margin. These erosion rates allow us (1) to fully characterize the differential rates of erosion
associated with the relict landscape and incised gorges (and all topographic morphologies in
between), (2) to compare short-term erosion rates with long-term rates from thermochronology,
and (3) to investigate spatial patterns of erosion related to regional uplift and transient river
incision. Chapters 5 and 6 include a discussion of my short-term erosion rates in these contexts.
In chapter 4, however, I more broadly use my results to develop functional relationships between
topography and erosion, providing the most comprehensive, direct quantification to date of
fundamental relationships between topography and erosion in a single landscape with relatively
uniform tectonics, climate and lithology. Specifically, I relate my erosion rates to three measures
of landscape topography: hillslope angle, normalized river channel gradient, and relief. The
unique setting of the eastern margin allows us to cover the majority of the globally known ranges
for these topographic metrics while the regional erosion rates appear to range over two orders of
magnitude. These relationships offer valuable insight into erosional processes on hillslopes and
in river channels, their controlling variables, and their rates. The details of my results are
specific to my study site, but the patterns are expected to be robust and applicable to landscapes
around the world. One of the relevant results of this study is that mean basin slopes reach
maximum values and become insensitive to further increases in the erosion rate above -0.25
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mm/yr, thus marking a transition in dominant hillslope erosion to landslides that is possibly set
by the near-surface soil production rate (Heimsath et al., 1999). At erosion rates >0.25 mm/yr,
meanwhile, channel steepness (and relief) is a more sensitive indicator of erosion.
Chapter 5 provides new constraints on the timing and rates of plateau uplift recorded by
the long-term incision of major river gorges. Specifically, I utilize low-temperature
thermochronology to explore late Cenozoic incision history. I present new (U-Th)/He analyses
from age-elevation transects collected within the Dadu, Yalong and Yangtze River gorges on the
eastern margin of the Tibetan Plateau. I build on the earlier work of Clark et al. (2005) by
testing the hypothesis of synchronous regional uplift and refining their estimates of the timing of
the onset of rapid incision in the Dadu river gorge, as well as better developing the picture of
regional long-term erosion rates and constraints on incision for the other major rivers. I also
include in my analysis a comparison of long-term erosion rates with short-term rates presented in
chapter 4. Together, all these data provide valuable constraints on geodynamic models that
explore the late Cenozoic evolution of entire eastern margin (i.e., how uplift progressed). The
more relevant results of this study are that river gorges on the eastern margin of the Tibetan
Plateau exhibit consistent long-term (106-107 yr) erosion rates between 0.3 and 0.4 km/Ma for at
least the last 10 Ma, and that variations in the amount of exhumation and timing of rapid incision
suggest that significant variability may exist in the broad response of the large rivers dissecting
the margin.
Chapter 6 provides an overall discussion of the dissection of the eastern margin of the
Tibetan plateau and river response to regional uplift. Specifically, I utilize longitudinal profiles
and topographic analysis to investigate controls on the spatial distribution of erosion and river
incision on the eastern margin, focusing on a systematic analysis of major trunk rivers in the
Dadu river drainage. The longitudinal profiles of these trunk rivers start at high elevations over
4000m where they run on the relict landscape (or are slightly incised into it) and gradually
transition into deep gorges characterized by high-relief and steep hillslopes. Thus, as they flow
downstream these rivers are increasingly incised below the relict landscape. I analyze trunk river
gradients as well as the gradients, hillslopes and relief characteristics of side tributaries
systematically moving downstream, adjacent to trunk rivers, to quantify this dissection of
topography. I also combine this analysis with my short and long-term erosion rates from
chapters 4 and 5 to evaluate longitudinal variations in incision and erosion rate. The eastern
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margin ends up providing a valuable example of a large, actively evolving transient landscape
with spatially variable erosion and river incision. Interesting results from this chapter include the
agreement of erosion rates calculated over different timescales in the context of transient river
incision.
Finally, chapter 7 summarizes the major conclusions of the thesis and discusses the
implications of the work. I include in this summary and discussion topics specific to the
landscape and geodynamic evolution of the eastern margin of the Tibetan Plateau, as well as
broader implications for the way the earth's surface responds and evolves in relation to tectonic,
climate and lithologic forcing. I characterize my work on the eastern margin as a case study on
landslides, erosion and river incision in a transient landscape.
Publication Information
Chapters 2-6 were prepared as manuscripts to be submitted for publication as individual
journal articles. As a result, there is a certain amount of unavoidable overlap in the introductory
material and content, in general, of these chapters. Chapter 2 is in press at the Geological
Society of American Bulletin due for publication in fall 2007. Chapter 3 is currently in review at
Earth Surface Processes and Landforms. Chapter 4 is currently in review at Geology. Chapter 5
was prepared for submission to Earth and Planetary Science Letters and will be submitted in fall
2007 after additional analyses are run. Chapter 6 was prepared for submission to Journal of
Geophysical Research - Earth Surface; and will be submitted in fall 2007. Although the
formatting of Chapter 2 was changed in order to maintain consistent formatting within this
thesis, the content of Chapter 2 is identical to that found in published versions.
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Chapter 2
The Influence of Large Landslides on River Incision in a Transient
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ABSTRACT
Deep landscape dissection by the Dadu and Yalong Rivers on the eastern margin of the
Tibetan plateau has produced high relief, narrow river gorges and threshold hillslopes that
frequently experience large landslides. Large landslides inundate river valleys and overwhelm
channels with large volumes (>10 5 m3) of coarse material, commonly forming stable landslide
dams that trigger extensive and prolonged aggradation upstream. These observations suggest
that strong feedbacks among hillslope processes, channel morphology, and incision rate are
prevalent throughout this landscape and are likely characteristic of transient landscapes
experiencing large increases in local relief, in general. Landslide effects are a by-product of
rapid incision initiated by regional uplift. However, over timescales relevant to landscape
evolution (>10 4 yr), large landslides can also act as a primary control on channel morphology
and longitudinal river profiles, inhibiting incision and further preventing the complete adjustment
of rivers to regional tectonic, climatic and lithologic forcing.
We explore a probabilistic, numerical model to provide a quantitative framework for
evaluating how landslides influence bedrock river incision and landscape evolution. The time-
average number of landslide dams along a river course, and thus the magnitude of the landslide
influence, is set by two fundamental timescales: the time it takes to erode landslide deposits and
erase individual dams; and the recurrence interval of large landslides that lead to stable dams.
Stable, gradually eroding landslide dams create mixed bedrock-alluvial channels with spatial and
temporal variations in incision, ultimately slowing long-term rates of river incision, thereby
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reducing the total amount of incision occurring over a given length of river. A stronger landslide
effect implies that a higher percentage of channel length is buried by landslide-related sediment,
leading to reduced river incision efficiency. The longer it takes a river channel to incise into a
landslide dam and remove all landslide-related sediment, the more control these events have on
the evolution of the river profile and landscape evolution. This can be the result of slow erosion
of stable dams, or a higher frequency of large events.
INTRODUCTION
Landslides are an important erosional process in all landscapes with moderate to steep
hillslopes. In rapidly uplifting and incising fluvial landscapes, where high relief, threshold
hillslopes, and relatively narrow river gorges are common, landslides dominate hillslope erosion
(Schmidt and Montgomery, 1995; Burbank et al., 1996), and large landslides often fill river
valleys, forming landslide dams that inundate upstream channels with water and sediment (Costa
and Schuster, 1988). The formation and failure of dams resulting from large mass wasting
events such as catastrophic landslides, rockfalls, and rock avalanches are well-documented and
have been studied extensively around the world (Costa and Schuster, 1991). Landslide dam
stability and the style of dam failure (i.e., catastrophic or gradual) depend on the size and
geometry of the blockage and material characteristics such as texture and sorting. Not all
landslide dams fail quickly and/or catastrophically; many stabilize and block river valleys for
hundreds to tens of thousands of years, with significant consequences for river morphology.
In this paper, we explore the influence of large landslides and landslide dams in the
context of bedrock river incision and landscape evolution. Recent studies on this topic have
emphasized the enduring influence of large, catastrophic landslides on deposition and erosion in
the Indus River within the northwest Himalaya (Hewitt, 1998; 2006), and the effects of large
landslides and landslide dams on the channel morphology and longitudinal profiles of rivers in
southwest New Zealand, the Swiss Alps, Tien Shan, and the Himalayas (Korup, 2005; 2006;
Korup et al., 2006). Both of these authors point out that landslide effects are superimposed onto
the other controls of river profile and landscape evolution, such as tectonics, climate, lithology,
and base-level fall, and that a better understanding of the influence of landslides is needed before
valley landforms and channel morphology can be used to infer the effects of these external
forcings.
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Deep landscape dissection on the eastern margin of the Tibetan Plateau has produced
high relief, narrow river gorges and threshold hillslopes that frequently experience large
landslides, making the entire region highly susceptible to landslide dams. Here, we use key
examples from the Dadu and Yalong river gorges (Fig. 1) to highlight the influence of large
landslides and the interaction between landslide dams, channel morphology, longitudinal river
profiles, and river incision. We then develop a numerical model to simulate the occurrence and
erosion of landslide dams along a length of river, and examine long-term controls on the degree
to which channels may be buried by landslide-related sediment and inhibit river incision. Our
model is an important step towards quantifying the influence of large landslides in actively
incising landscapes and incorporating this influence into models of bedrock river incision and
landscape evolution.
Overview of Stable Landslide Dam Formation and Effects on Rivers
A stable landslide dam is any landslide dam that stabilizes and blocks a river valley for
hundreds to tens of thousands of years, either initially or after some degree of catastrophic failure
and dam-outburst flood erosion. Landslide deposits that fill river valleys and consist of a high
percentage of large (>2 m) boulders or deflect rivers over bedrock ridges often lead to the
formation of stable landslide dams. Once upstream lake levels reach the top of the landslide dam
and streamflow over landslide deposits begins, erosion-resistant boulders armor the channel bed
as finer material is washed downstream. This process condenses the original landslide material
to a smaller mass composed of large boulders, stabilizing the landslide dam and protecting the
top of the initial deposit from further erosion. These large boulders are not easily moved in even
large floods, and serve to roughen the bottom of the channel. There is often evidence of
advanced fluvial sculpting of boulders, which attests to long periods of boulder stability. In
these steep reaches, dramatic rapids form and river channels narrow. Upstream of landslide
dams, river gradients are low and fine-grained lake sediments and alluvial gravels accumulate.
In conjunction with filling within the trunk river, side tributaries may become filled with alluvial
fans graded to the high fill level of the trunk stream. The abrupt change in slope associated with
the transition from upstream, low gradient fills to steep, dramatic rapids through the landslide
deposits creates significant knickpoints with a drop in elevation of up to 100-300 meters (Korup,
2006).
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The integrated effects of large landslides on river channels completely prohibit rivers
from eroding their bed and incising over the length of the landslide mass and associated fill
deposits. This period of local non-incision continues for the entire duration of a landslide dam
event, from the emplacement of the dam to complete incision through landslide deposits and
some portion of the associated upstream fill. During this time, the long-term evolution of the
river profiles and landscape evolution are affected in two main ways: (1) downstream reaches
continue to incise, while landslide reaches do not, and (2) filled upstream reaches and the whole
profile upstream of the fill effectively have a new, unchanging base-level that freezes all further
adjustment (i.e., upstream migration of downstream incision signals). Therefore, within actively
incising landscapes, large landslides establish spatial and temporal variations in incision rate,
even if rock uplift is steady and uniform.
Whether or not large landslides have significant long-term effects on river incision
depends on the longevity of individual landslide dams and their distribution in space and time.
Landslide occurrence and distribution depends on material properties, landslide triggers (i.e.,
heavy precipitation and earthquakes), and the degree to which hillslopes are over-steepened and
primed for massive failure. Longevity of individual landslide dams is a function of dam
geotechnical stability and river incision into the landslide deposit. The stability of landslide
dams depends on a number of factors, most important of which are the size of the original
landslide deposit, the percentage of large boulders within that deposit, and the geometry of the
valley filled (Costa and Schuster, 1988). The percentage of boulders within the landslide deposit
is a function of bedrock strength, landslide process, and depth of failure. Local bedrock
lithology is important here because it controls the cohesive strength of hillslope material and
determines the size of the material within the landslide deposits, largely as a function of how
massive, fractured or layered is the bedrock in the area.
The geometry of river valleys affects whether or not stable landslide dams form and
change in response to large hillslope failures. Rapid deposition of landslide debris deflects river
channels within their valleys, and subsequent incision into landslide debris and upstream fill
deposits may involve bedrock ridges of the former valley, enhancing the stability and duration of
the landslide blockage. Narrow, bedrock-walled valleys constrict landslide deposits and force
rivers to incise directly into landslide deposits, limiting lateral mobility in the valley. Narrow
valleys are also, in general, more likely to concentrate large landslide deposits in the channel,
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leading to stable dams. Big rivers characteristically have wide valleys, therefore requiring bigger
landslides if stable landslide dams are to form. Large landslides change the geometry of river
valleys by widening the valley floor and reducing hillslope relief, which can drive the lateral
erosion of hillslopes and redefine drainage divides, such as has been recognized in physical
experiments of landscape evolution (Hasbargen and Paola, 2000). Most landscape evolution
models do not realistically treat large landslides. This omission may in part explain the far
greater stability of river networks in numerical simulations of landscape evolution.
Landslides, Bedrock River Incision and Landscape Evolution
The persistence of landslide dams within actively incising river gorges such as those on
the eastern margin of the Tibetan Plateau is one aspect of the dynamic coupling between bedrock
river incision and hillslope erosion that can significantly influence the evolution of fluvial
landscapes. Hillslopes occupy a much higher percentage of landscape area, therefore accounting
for most of the denudation that occurs, but bedrock river incision generates local relief and
ultimately controls regional erosion rates by setting the boundary condition for hillslope erosion
to occur (e.g., Whipple, 2004). However, to incise, rivers must both erode bedrock and transport
all the sediment supplied to them from the entire upstream drainage basin and adjacent hillslopes
(e.g., Sklar and Dietrich, 1998). This suggests that an important negative feedback may exist
within rapidly incising landscapes, where hillslope erosion, following incision, slows and/or
stops river incision by covering the bed for an extended period of time with larger volumes of
material or coarser grain sizes of sediment than annual floods can easily transport downstream.
Aspects of this feedback are contained in sediment-flux-dependent bedrock, river incision
models that emphasize the dual role of sediment as both a tool for erosion and an element
inhibiting erosion by covering the channel bed (Sklar and Dietrich, 1998, 2001; Whipple and
Tucker, 2002).
Large landslides can influence river profiles over timescales relevant to landscape
evolution (>104 yr), and as a result, there is a need to develop models that incorporate their
effects on bedrock river incision and landscape evolution (Hewitt, 1998; Korup, 2002).
Localized, large, hillslope-sediment input is seldom incorporated into models and dynamics of
long-term, longitudinal river profiles and landscape evolution. The landslide effect described
here acts over and above the more continuous sediment supply effects considered in recent
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modeling studies (e.g., Sklar and Dietrich, 2004; 2006; Gasparini et al., 2006). Many models of
hillslope evolution have no expression for landslide erosion on hillslopes (e.g. Tucker et al.,
2001). Densmore et al. (1998) provide the most detailed landscape evolution model in terms of
landslide erosion, emphasizing the full range of landslide erosion and the role of large landslides,
but their approach does not allow for a dynamic coupling between bedrock river incision and
hillslope erosion. Instead, all material that landslides deliver to the channel in their model is
regolith and transportable by fluvial processes, and significant channel blockages with lakes and
upstream sedimentation do not occur (Densmore et al., 1998).
The influence of large landslides is another way bedrock river incision and landscape
evolution may be affected by tectonics and/or climate, which can vary across space and time
throughout a landscape. There are clear, well-documented relationships between earthquake size
and the probability of large landslides (Keefer, 1994). In addition, changes in the intensity of
precipitation, such as increases in the monsoonal precipitation on the Himalaya, have been
directly linked with increases in the occurrence of large landslides, and subsequent periods of
fluvial aggradation (Pratt et al., 2002; Trauth et al., 2003; Bookhagen et al., 2005). Tectonics
also influences the frequency and potential magnitude of landslide events more generally through
increases in topographic relief and erosion rates driven by rock uplift.
By influencing river incision, landslides affect the form of river profiles and can
significantly complicate their interpretation (Korup, 2006). The shape and the slope-area
relationships of river profiles have been used by many researchers to infer patterns of rock uplift
(Kirby et al., 2003; Lague et al., 2003; Kobor and Roering, 2004; Wobus et al., 2006). However,
there is a strong link between profile knickpoints, channel steepness and the occurrence of large
landslides. Some of the steepest channels and highest channel steepness index values anywhere
within a landscape may be associated with channel steepening through landslides (Korup, 2006).
River profiles are also used to study the characteristics of transient landscapes (Gasparini, 2003;
Crosby and Whipple, 2006; Gasparini et al., 2006; Wobus et al, 2006). Two end-member
models of bedrock river incision are detachment-limited models (where incision is regulated by
the detachment and abrasion of the bedrock channel bed) or transport-limited models (where
incision is regulated by transport of sediment) (Willgoose et al., 1991; Howard, 1994; Whipple
and Tucker, 2002). These models predict different forms for transient river profiles. However,
landslide effects may lead to the same transient morphologies as bedrock river profiles evolving
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under detachment- and transport-limited conditions, abrupt knickpoints as in detachment-limited
models and smooth, diffuse, convexities as in transport-limited models. The two case studies we
discuss in the next section are examples of both these situations.
STUDY AREA
The eastern margin of the Tibetan Plateau is one of the world's broadest and most
dramatic transient landscapes, characterized by a regionally persistent, elevated, low-relief relict
landscape that has been deeply dissected by major rivers and their tributaries (Clark et al., 2006;
Fig. 1). Thermochronological data show that rates of rock cooling on the eastern margin of the
plateau increased dramatically between 9 and 13 Ma, suggesting that uplift and major river
incision began at that time (Kirby et al., 2002; Clark et al., 2005). Major rivers start at high
elevations over 4000 m where they are slightly incised into the relict landscape, and transition
into rapidly incising, high-relief, dissected gorges with steep hillslopes (Fig. 2). Estimates of
long-term (106 - 107 yr) bedrock river incision in these gorges are on the order of 0.25 - 0.5
mm/yr (Clark et al., 2005). Longitudinal river profiles exhibit transient morphologies, with large
knickpoints, and convex to linear, rather than concave, profile forms. Hillslopes, following
incision, display zones of adjustment with steepest values in the lowermost reaches of individual
basins. These observations highlight the transient response of rivers to rapid incision on trunk
streams as waves of landscape adjustment propagate upstream and up hillslopes.
The Dadu River (Dadu He) and Yalong River (Yalong Jiang) are major tributaries of the
Yangtze River (Jinsha Jiang), both over 1000 km in length (Fig. 2). Bedrock geology in these
catchments consists mainly of the Songpan-Ganze flysch terrane, which is intruded by a series of
Jurassic age granitic plutons (Roger et al., 2004), and deformed Paleozoic rocks and crystalline
Precambrian basement that outcrop in the southern portions of each catchment (Burchfiel et al.,
1995). The most prominent active fault within these catchments is the Xianshuihe Fault, a large-
scale, strike-slip fault slipping at -10 mm/yr (-60 km total offset) that has experienced four
earthquakes greater than magnitude 7 in the last century (Allen et al., 1991). The Dadu and
Yalong rivers have each experienced catastrophic landslide damming events within the last 250
years that were triggered by large, >6.0 M earthquakes (Tianchi, 1990; Dai et al., 2005).
Accounts from the example on the Dadu River indicate as many as 100,000 deaths were caused
by the downstream flooding associated with initial dam failure, making it one of the most
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disastrous events ever resulting from a landslide dam breach (Dai et al., 2005). Recent
catastrophic events such as these have also been documented in the Min River gorge to the east
of the Dadu and in the main Yangtze River gorge to the west of the Yalong, indicating that
landslide damming is a widespread and ongoing phenomenon in all river gorges on the eastern
margin (Tianchi, 1990; Hejun et al., 2000).
River Morphology and Large Landslides
Fieldwork conducted during 2003-2006 along the trunk streams and major tributaries of
the Dadu and Yalong indicates that valleys contain a combination of fluvial and landslide
deposits, tributary alluvial fans, lake sediments, debris-flow, deposits and bedrock (see Data
Repository for photos). Numerous low-gradient topographic benches 50-1000 m above the
modem river level previously interpreted as river terraces, were determined to be fluvially
beveled landslide deposits, the tops of ancient landslide dams, or high levels of alluvial gravel
and lake sediment associated with landslide deposits. Channel and valley widths vary greatly as
channels alternate between straight, narrow-walled, steep, incising bedrock reaches and
meandering, wide, gentle, depositional alluvial reaches. Bedrock reaches generally have steep
bedrock hillslopes adjacent to channels. Hillslopes are also steep within alluvial reaches, but the
large volume of sediment filling the valley in these reaches and the meandering nature of the
channel disconnects channels from adjacent hillslopes and suggests that the bedrock valley floor
is far below the present channel bottom.
Other than the occasional steep bedrock reaches, most steep reaches are boulder rapids,
10-1000 m long, that are found only in association with landslides, rockfalls, and debris flow
deposits. Many of these rapids occur at the location of well-defined, large, deep-seated landslide
events (>5 x 105 m3) that are easily identified based on their morphology and textural
characteristics (Fig. 3). These large landslides appear, in many cases, to have led to extensive
and prolonged river damming, as deposits from large landslides frequently coincide with
upstream sediment interpreted to be related to impoundment and aggradation behind present and
paleo-landslide dams (e.g. lake sediments and alluvial fill). Landslide deposits vary from large
fragments of intact bedrock, variably brecciated and fractured, to a complete mix of
unconsolidated, poorly sorted material ranging in size from pulverized rock, dust and sand to 10-
to 30-m-diameter boulders.
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Depending on how recently the damming event occurred and how large the event was,
river channels are incised into landslide deposits and upstream fill to varying degrees (Fig. 3).
Some landslide dams still have lakes upstream, while others are completely filled in with
alluvium upstream, with large alluvial fans graded to the height of the ancient landslide dam
outlet level, some with picturesque villages built upon them indicating substantial antiquity. In
other cases, preserved relics (lake sediments, alluvial fill and ancestral tributary fans) of much
older landslide dams high up on valley walls suggest extremely large damming events have
occurred, or that damming events occurred when the trunk level was higher than it is today.
Throughout river gorges on the eastern margin of the Tibetan Plateau, we find a range of
landslide dam sizes with stable heights between tens to hundreds of meters, affecting stretches of
river ranging from hundreds of meters to over 20 km in length. The age of most of these
landslide events is unknown; known ages range from modem examples (as recently as 1933) to
ones reaching as far back as >40,000 yrs (14C age). We have dated three landslides with
cosmogenic radionuclide (10Be) exposure ages to -8,800, -6,500, and -57,000 years old. We
have also used optically stimulated luminescence (OSL) to date lake sediments associated with
one ancient dam to -5,000 years old. In some cases, landslides linger within river gorges,
influencing incision for 105-106 yrs (as indicated by at least one location where recurrent
landslides and local rock properties appear to have effectively inhibited a major tributary from
keeping pace with trunk-stream incision in the past -9-13 Ma). In some regions on the Dadu
River, the integrated effect of many large landslides and dams appears to have effectively
dammed stretches of river up to 100 km in length, forcing them to become alluviated.
Case Study 1: Dadu Gorge and Tributaries - Danba Region
The Danba region in the Dadu catchment hosts several excellent examples of the
interaction between landslide dams, river profiles, and channel morphology (Fig. 4). The
bedrock geology around Danba consists of a structural antiform that exposes deeper, deformed
levels of the Paleozoic sequence beneath the Triassic/Jurassic Songpan-Ganze flysch, notably a
Silurian mica-rich schist. This schist is prone to large landslides, and, consequently, hillslopes
around Danba commonly have hummocky landslide morphology. At Danba, the Dadu trunk
stream (named Dajin Chuan here) joins three large tributaries, the Ge Sud Za He, Xiaojin Chuan,
and Dong Gu He, in a star-shaped pattern. Upstream from Danba, there are significant landslide-
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related knickpoints on the Dadu mainstem and on all three of these tributaries. The abrupt
knickpoints in all these river profiles are related to landslides, with the same morphology as
knickpoints created by rivers that cross a sharp lithologic contrast (i.e., weak rock type to
strong), or by transient river response to upstream migration of incision in models of
detachment-limited bedrock river incision (Whipple and Tucker, 2002).
The Ge Sud Za He tributary, in particular, is dominated by landslide dams, boulder
rapids, and impounded alluvial fills for 40 km upstream of its confluence with the Dadu
mainstem (Fig. 4). The most dramatic of these landslide dams occurs 15 km upstream from the
confluence with the Dadu, with -~ 150 m of drop in the rapids caused by the landslide deposits.
Field surveys show nicely the characteristic drop in channel width and increase in channel slope
across the landslide mass where the channel is armored by large boulders (Fig. 5). This
particular example shows a period of prolonged upstream filling, as numerous large alluvial fans
upstream are graded into the new base-level set by the landslide dam. The age of the landslide is
8,812 ± 590 years, based on a cosmogenic radionuclide (10Be) exposure age for a large, -10 m
diameter boulder on top of the landslide deposit.
Case Study 2: Li Qui River
The Li Qui River is a 190 km long tributary of the Yalong River, with 1800 m of fluvial
relief, and a total drainage area of 5,880 km2. The Li Qui drains off a low-relief landscape
perched -2-2.5 km above local base-level and transitions into a rapidly incising, dissected
landscape in its lower reaches, where a pronounced knickpoint on the longitudinal profile
accounts for most (-1 km) of the fluvial relief (Fig. 6). Landslides have fundamentally altered
the morphologic expression of the transient response of the Li Qui to mainstem incision on the
Yalong. There is extensive evidence for the influence of landslides on valley and river profile
geometry (Fig. 6d). Well-preserved lake and alluvial fill gravels record a period of prolonged
river damming, but the river has subsequently incised into a portion of these sediments. The
highest fill level increases in height moving downstream, and widespread landslide deposits
indicate the likely site of an ancestral landslide dam. All fill levels end at the site of the inferred
landslide dam -40 km upstream of the Yalong confluence. Farther downstream, within the last
20 km before its confluence with the Yalong, the Li Qui River is extremely steep due to a
combination of rapid base-level fall and large landslide debris within the present channel. This
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stretch of river is one of the steepest reaches of river in the Dadu and Yalong catchments,
dropping at -3.3% for 40 km, and it coincides with where the Li Qui River runs south of a
granite intrusion. The large boulders seen in the channel along this stretch are granite,
presumably delivered to the channel from rockfalls and landslides.
Barring the presence of an as-yet-unknown localized tectonic uplift, we surmise that the
greater bed roughness created by these large, immobile unfractured boulders, together with their
intrinsic resistance to abrasion, have significantly impeded the incision of the Li Qui River,
leading to the formation of this - 1-km-high knickpoint. That channels are steeper crossing
stronger, more erosion-resistant lithologies is to be expected, because rivers maintain steeper
slopes and more erosive power to erode their bed in these areas to keep pace with areas upstream
and downstream. However, landslide effects suggest that channels are steeper at stronger, more
erosion-resistant lithologies because it is harder to erode bedrock in those areas, and the massive
nature of bedrock lithology in these areas yields large, erosion-resistant boulders during mass
wasting events. The integrated effect of large landslides on the Li Qui is to prohibit bedrock
incision and slow the upstream migration of incision on the Yalong trunk stream. This promotes
the survival of large patches of relict landscape (see Figures 1 and 6a). Landslide damming and
subsequent re-incision give the Li Qui longitudinal profile its smooth, convex shape, which
otherwise might have been interpreted as representing a diffuse, transport-limited transient
response to a base-level fall (e.g., Begin et al., 1980). Transient river profile form, therefore, is
not simply diagnostic of alternate forms of bedrock river incision models as suggested by
Whipple and Tucker (2002), but rather can reflect a complex combination of factors.
NUMERICAL MODELING
The prevalence of landslide dams impacting river channel morphology on the eastern
margin of the Tibetan Plateau, and elsewhere (Korup et al., 2006), motivates us to formulate a
quantitative framework for how landslides influence river incision, and, hence, landscapes in
general. In this section, we develop a numerical model to simulate the occurrence and erosion of
stable landslide dams along a length of river based on simple rules for the timing and magnitude
of landslide events and generalized models for the erosion of individual dams once they stabilize.
We also derive basic analytical expressions for the long-term average number of landslide dams
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along a river and relate them to the burial of bedrock valley floors and reduced river-incision
efficiency.
Overview
The schematic in Figure 7a represents a snapshot in the evolution of rivers where
landslide dams occur and erode through time, such as on the eastern margin. At any given time,
there is a distribution of landslide dams along a length of river that may comprise all stages of
erosional decay from fresh, uneroded dams to small remnants of previous dams. Each landslide
dam is associated with a wedge of landslide deposits and aggraded material that buries bedrock
valley floors and inhibits incision. The percentage of channel buried, which we call the landslide
burial factor (Bf), is therefore a function of the number of landslide dams that exist and their
heights above the bedrock floor (dam height sets the upstream extent of aggraded alluvium; Fig.
7b). We can estimate Bf within river gorges on the eastern margin through a combination of
field mapping and analysis of river profiles (Fig. 4; Table 1). These modern estimates of Bf are
appropriate for, at most, the last 8,000 to 10,000 yrs, but we take them as being indicative of the
long-term averages expected for these rivers. As we will show later in this section, Bfis roughly
equivalent to the percentage of fluvial relief on rapids and falls associated with landslide
knickpoints.
Our modeling is aimed at understanding what controls the average number and height of
landslide dams along a river because these factors will directly, and significantly, affect the
efficiency of river incision. These long-term averages imply an average sum of landslide dam
heights and, therefore, a long-term average Bf. Bfis a direct measure of the influence of
landslides on river-incision efficiency, since the fraction of the channel bottom not buried under
deep fills, and thus generally available for incision (Ba) is 1-Bf (i.e., 0 to 1). Low values of Ba
imply a stronger, more intense landslide effect with lower river incision efficiency; values closer
to one imply a weak, negligible landslide effect with river-incision efficiency close to what it
should be in the absence of landslide dams. Ba can be considered a rough scaling factor that
should modulate the coefficient of river incision (K) in many models. Analysis of the controls
on Ba is thus a key to gauging the long-term, integrated influence of recurrent stable landslide
dams. Our approach is to investigate the two fundamental timescales that together govern the
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long-term average number and heights of stable landslide dams, and, therefore, Bfand Ba.
These are the landslide recurrence interval and landslide dam survival time.
In this treatment we are only considering stable landslide dams that erode gradually after
they form; this includes dams that stabilize initially or after some degree of catastrophic failure
and dam-outburst flood erosion. We acknowledge that many landslides will occur that do not
form stable dams, but we do not consider how these non-stable landslides might affect sediment
dynamics and the modes by which rivers erode existing landslide dams. These we consider part
of the background controls on river incision onto which the effect of river-damming landslides is
superimposed. Incorporating the role of outburst floods associated with full or partial failure of
landslide dams is an interesting problem that is beyond the scope of the current analysis. We
acknowledge that this phenomenon is a mechanism by which large landslide blockages can act to
enhance the efficiency of river incision and may act to counteract the negative feedback
addressed here.
Landslide Dam Occurrence
The first fundamental timescale that influences the average number of landslide dams
along a river is the recurrence interval of large landslides that occur randomly along a river and
may lead to stable dams (Ts). Our model simulates river systems experiencing frequent large
landslides, where some subset of landslides that occur lead to stable landslide dams distributed
randomly along a length of river. We examine three model scenarios that draw from probability
distributions of landslide recurrence intervals, Ts, and.initial stable dam heights, zo. In the first
scenario, we explore the very simple case in which one stable landslide of fixed height zo occurs
at constant recurrence interval Ts. In the second scenario, we consider the case in which zo and
Ts vary independently and are normally distributed around fixed mean values. In the third
scenario, we investigate the case in which landslide area and resulting stable dam height are
derived from a power-law frequency-magnitude distribution of landslides.
In this third model scenario, zo and Ts are related such that larger landslide dams have
much lower recurrence intervals as a consequence of the properties of a power-law distribution.
A power-law distribution for medium to large landslides (landslide area >104 m2) has been
recognized by many authors (e.g., Hovius et al., 1997; Stark and Hovius, 2001; Malamud et al.,
2004a). This distribution holds for landslides occurring in space and time throughout a given
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landscape, and has been documented in diverse landscapes around the world (Hovius et al.,
2000; Malamud et al., 2004b). We assume that a subset of all landslides occurring within a
landscape will reach the main channel, and furthermore, a subset of these landslides will lead to
stable landslide dams. Since this small subset should have the same distribution as the original,
we argue that the distribution of stable landslide dams occurring along the length of a river
through time is reasonably modeled using a power-law distribution:
NLsd(A) = cA" (1)
where NI~d(A) is the number of landslide dams that originate from a landslide of area A [m2], c is
the rate of landsliding per year [yr-1], and flis the dimensionless scaling exponent (e.g. Hovius et
al., 1997). Our third model scenario generates random landslide events that obey the power-law
frequency-magnitude distribution of equation 1. As landslides happen, we also use a threshold
landslide area (-0.1 km2, or 105 m2) to set which landslides lead to landslide dams and a
conversion factor (20-150 m/km2) to determine initial landslide dam height from landslide area.
Values of this conversion factor are constrained by field examples and published studies of
landslide sizes that have led to stable landslide dams (Hewitt, 1998). The resulting distribution
of initial landslide dam heights, zo, scales with the power-law distribution of landslide events that
occurred, governed by the scaling parameters f and c, along with the threshold area size and
landslide area to landslide dam height conversion factor. We use values of f ranging from 0.7 to
1.4, where higher values of f8 lead to a steeper frequency-magnitude distribution and lower
probabilities of occurrence for the largest landslide dams. Coefficient c represents not only the
frequency of landslide events, but also the fraction of these events that ultimately form stable
landslide dams, such that higher values of c lead to higher probabilities of occurrence for all
landslide dams.
Landslide Dam Erosion
The second fundamental timescale that influences the average number and height of
landslide dams along a river is the time it takes to incise through landslide deposits, fully breach
individual dams and re-incise through the associated sediment wedge (Te). Our model utilizes
simple rules of erosion for individual dams to calculate Te. Stable landslide dams can act either
as masses of tightly packed, large boulders that erode as a whole in essentially the same manner
as intact bedrock, or as more loosely packed, immobile boulders that armor the bed, add
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roughness, dissipate stream energy, and inhibit erosion of the dam during even the highest flows.
In addition, landslide deposits may deflect river channels within their valleys and re-incision may
incorporate bedrock spurs of the former valley, enhancing the duration of the blockage. We do
not attempt to model explicitly these complex processes. Rather we seek only to highlight the
fundamental role of the timescale of dam removal.
In our model, stable landslide dams decay either in a linear fashion or exponentially (Fig.
8). Linear erosion proceeds at a specified, constant erosion rate (m). Exponential erosion is
based on the premise that incision rate scales with dam height (i.e., downstream knickpoint
slope) and is parameterized by a decay timescale (4). We track landslide height through time,
z(t), based on an initial height, zo, where dz/dt is the rate of change of landslide height.
Exponential erosion incorporates the following equations:
dz/dt = - Z/I (2)
z(t) = zoe / r  (3)
Te = 5r (4)
Zavg = zo5 (5)
Linear erosion, by comparison, incorporates:
dz/dt = - m (6)
z(t) = zo - mt (7)
Te = zo/m (8)
Zavg = zo/2 (9)
In the exponential case, Te is 5z, the time it takes to reduce zo to ~ 1% of its original value (e-5
-0.01). We adjust values of rand m to produce Te values between tens to ten thousands of years
(i.e., faster or slower landslide dam erosion) (Fig. 8a). For each model of erosion, we also
calculate a mean landslide dam height over Te, denoted zavg. For cases with identical timescales
of erosion (Te), mean dam height over its life time (zavg) is greatly reduced (by -40%) in the
exponential erosion case owing to the very rapid initial incision (Fig. 8b).
Model Results
Model runs simulate the evolution of landslide dams as they occur and erode along a
length of river. The sum of landslide dam heights reflects the total number and size of landslide
dams through time (Fig. 9). As erosion parameters are held constant, variability originates from
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the variability in landslide occurrence (scenarios #1-3). The constant nature of zo and Ts in
scenario #1 leads to a simple, fixed pattern of landslide heights though time, and the approach to
long-term average conditions in roughly 2 ka in this simulation is clear (Fig. 9a). In contrast, the
variable nature of landslide distributions used in scenarios #2 and #3 leads to irregular variations
in the sum of landslide heights though time. We directly set the variability in scenario #2 by
setting the standard deviation of the zo and Ts distributions (Fig. 9e). Model runs of scenario #2
using small standard deviation are very similar to scenario #1, but as the coefficient of variation
increases (ratio of standard deviation to mean), scenario #2 runs deviate from scenario #1,
eventually approaching the variability inherent in scenario #3 (Fig. 9f).
The long-term average number of landslide dams that exist at any time (distributed
randomly along the length of the river) is set by Ts and Te. Under the case where Ts and Te are
constants (i.e., scenario #1), the long-term average number of landslide dams is simply the ratio
of these timescales (TelTs). Using equations 4 and 8 for Te above, we may write:
Nde = (5) / Ts (10)
Ndl = (zo/m)/ Ts (11)
where Nde is the long-term average number of landslide dams for the exponential erosion rule,
and Nda is the same for the linear erosion rule. Note that the long-term average number of
landslide dams using an exponential model of dam erosion (Nde) does not depend on the initial
height of dams. These expressions for the long-term average number of landslide dams can be
combined with any mean property of the distribution to evaluate the integrated effect of all
landslides through time. For instance, the product of mean landslide dam height and the long-
term average number of dams (Nd = Te/Ts) gives the long-term average sum of dam heights,
denoted H. Using equations for Nd and Zavg from equations 5, 9, 10, and 11, this yields:
He = (zo*T) /Ts (12)
HI = zo2/(2*m*Ts) (13)
where subscripts e and I refer to exponential and linear erosion rules, respectively. Under
scenarios #2 and #3, in which landslide occurrence and initial dam heights are not constant, fixed
values of zo and Ts are replaced by zo, and Ts,, mean values from the distribution of landslides
used in the simulation. Analytically derived values for the long-term average sum of landslide
heights (dotted line) accurately approximate the numerical results (Fig. 9).
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The analytic long-term average describes the long-term mean of summed landslide
heights, and should not be considered a static value that numeric simulations asymptotically
approach. Model runs that employ linear erosion show more deviation than exponential erosion
between analytic long-term average and numerical results, where the analytic long-term average
is lower than the long-term mean of summed landslide heights from the simulation under some
conditions (Fig. 10). The explanation for this is that exponential erosion is faster than linear
erosion in the early stages of landslide dam erosion, so landslide dam heights are reduced to
mean values more quickly. This speaks to the significance of large events driving the system. In
general, the process of adding landslide material (occurrence) affects the system more because
the model adds material very quickly, yet removes it (erosion) slowly; therefore, large landslides
will linger in the system longer and have a significant impact on the long-term average sum of
heights. For scenario #3, high values of 83 decrease the occurrence of the largest landslides, and
thus lead to a history of summed landslide heights that more closely agrees with analytic long-
term average.
Discussion
The long-term average sum of landslide dam heights (H) directly implies an average sum
of channel lengths buried (i.e., BJ) (Fig. 7). Through time, landslide dams erode and their height
decreases, changing the length scale of the remaining sediment wedge behind it, assuming that
incision back into the sediment wedge is simply limited by incision into the dam blockage. If we
consider a length of a large river where drainage area varies minimally along the section of
interest such that Ts, Te, and zo, are not functions of position along stream, then we can derive
simple expressions for the length of upstream fill behind landslide dams. The difference
between the bedrock channel slope (Sbr) and the transport slope of alluvial material filling behind
the dam (Sf), denoted AS, sets the upstream length of fill (Lf) behind a landslide dam from the
spill point back (Fig. 7):
Lf = zo /AS (14)
The long-term average length of fill, (Lf) avg and landslide burial factor (Bf) follow:
(Lf) avg = Zavg/(AS) (15)
Bf = (Lf) a * (Te/Ts) / L, (16)
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where Lr is the channel length of interest and Te/Ts is the average number of landslide dams (i.e.,
Nd in equations 10 and 11). Combining equations (15) and (16) gives:
Bf = Zavg *(Te/Ts) / (AS * Lr ) = H / (Rf - Sf * Lr) (17)
where H is the long-term average sum of heights (i.e., equations 12 and 13) and Rf is fluvial
relief over the river length of interest (Sbr * Lr). Thus, landslide burial Bf in the long-term is
directly proportional to the fraction of fluvial relief represented by drops across landslide
knickpoints.
As suggested earlier, we can incorporate Bfand the negative feedback effects of large
landslides into models of generalized river incision, following Whipple (2004):
E = K (1-Bf)f(qs) AM SN (18)
where E is erosion rate, f(qs) denotes the influence of background sediment flux, A is area, S is
channel slope, exponents M and N are related to erosion process, and K is a coefficient of erosion
related to climate and lithology. This simply adds another dimension to K from the general form
of the stream-power, river incision model, such that our new K, denoted Keff, is K(1-Bf). Both
steady-state channel slope and transient response time will be functions of Keff (Whipple, 2001;
2004). Higher values of the average sum of dam heights (H) produce higher Bf (i.e., a stronger
landslide effect), and thus lead to slower river incision (i.e., reduced river efficiency), increases
in steady-state river gradients, and slower response times to perturbations in tectonic, climatic or
base-level conditions. The high values of Bf for select Dadu River channels (Table 1), therefore,
suggest slower long-term river incision rates, higher steady-state channel gradients, and more
prolonged transient response to regional uplift.
Stable landslide dam size, occurrence and erosion parameters ultimately dictate the
influence of landslides on river incision through their control on Nd and H, and therefore Bf. If
Te << Ts (low Nd), landslide dams are eroding more quickly than they are occurring, and the
long-term average sum of landslide heights is close to 0, leading to low Bf values (Fig. 10).
Conversely, if Te >> Ts (high Nd) the long-term average sum of landslide heights is much greater
than zero, and there is a stronger landslide effect (i.e., higher Bf). For Te >> Ts, values of Zo (or
zo,), Ts (or Ts,), m and rmust be such that:
5 * r >> Ts (19)
under the exponential erosion model, and:
zo/m >> Ts (20)
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under the linear erosion model. Landscapes prone to a higher density of large landslides, such as
those that experience many large earthquakes, and/or those experiencing a rapid increase in local
relief, will have higher mean values of Zo and lower mean values of Ts, resulting in higher TelTs.
Lithology, meanwhile, affects the size of material comprising dam deposits and the erosivity of
landslide boulders, both of which can ultimately control zo. We parameterize the affect of
lithology within our model through both zo and erosion parameters m and z, stronger rocks imply
longer Te (lower m or higher z), leading to higher TelTs.
Limitations and Guidelines for Further Work
We have intentionally kept our quantitative framework simple enough to highlight the
most important aspects of this problem. Many aspects of river profiles must be accounted for to
estimate a long-term average Bf. Our model considers only the situation in which Ts, Te and to
are not functions of position along the stream. Along concave-up river profiles, even under
steady-state conditions, discharge, channel slope, river and valley widths, hillslope relief, and
grain size all vary along stream, and all of these factors might affect the shape and volume of
aggradation wedges behind stable landslide dams. Drainage area may affect maximum slide size
(local relief), initial landslide dam height (valley width), and the efficiency of landslide dam
incision (discharge). In terms of the geometry of the sediment wedge behind landslide dams,
drainage area affects the bedrock channel slope, Sbr, and the transport slope of sediment filling
behind the dam, Sf (grain-size). There would also need to be rules for overlapping sediment
wedges, rules limiting the occurrence of landslides in proximity to recently failed areas, and rules
for how landslide distributions link to background incision/erosion rates.
In the short term, landslide dams also greatly impact sediment flux along the river as
sediment delivered from upstream is trapped in natural reservoirs, with potentially important
consequences for the efficiency of river incision downstream of the dam (e.g., Sklar and
Dietrich, 1998; 2004). Once the upstream sediment wedge has aggraded to the spillway height
and re-established the transport slope, however, sediment flux both upstream and downstream of
the dam will return to the background rate. This circumstance may prevail for much of the life
of a stable landslide dam; our simple model focused on the effect of landslide dam blockages
during this phase. Thus we have assumed that away from landslide dams and the associated
upstream sediment wedge, the efficiency of bedrock channel incision processes is not perturbed
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by the presence of upstream landslide dams (i.e., f(q) is set by the background sediment flux). A
more complete model would account for the transient perturbations associated with the initial
aggradation of sediment wedges behind dams.
Future modeling will address these complexities and explore simulations where
landslides erode and occur along fully evolving concave-up river profiles. This will allow us to
address the direct effects of transient river profile evolution, and how the landslide influence
would interact with transient evolution. We argue, however, that the probabilistic, long-term
analysis employed here would hold for such evolving profiles with similar controls and that the
same key variables would drive the system and scale of influence. In the end, the controls on Te
and Ts, landslide dam longevity and occurrence, will still dictate the system response.
Our treatment of the effects of landslide dams on river incision excludes the role of
outburst floods associated with full or partial failure of landslide dams that occurs before dams
stabilize and in cases where no stable dam forms. These floods may act to enhance the
efficiency of river incision and potentially counteract the negative feedback we have addressed
in this paper. At present, though, it is not clear on theoretical grounds whether the flood
enhancement or the burial effect will be more important in the long term. Our field observations
tend to indicate that the integrated effect is one of an inhibition of incision, rather than the
reverse. A full model of the problem would incorporate the details of dam outburst floods and
the complexities of burial on real river profiles. A model like this would probably not be
meaningful in the predictive sense, but it could be used to explore the evolution of a river system
where we can estimate Bf or Ba from river profile analysis, satellite image interpretation, and
field observations, and where we can constrain the frequency of outburst floods from historic
accounts, as we can on the eastern margin on the Tibetan Plateau.
CONCLUSIONS
The illustrative examples from within the Dadu and Yalong river catchments that we
have discussed highlight the landslide-dominated character of these rivers and the interaction
between incision, landslides, river profiles, and channel morphology typical of rivers throughout
the region. As we attempt to understand how river profiles can be used to highlight important
aspects of the tectonic and geomorphic evolution of this landscape, mainly as they relate to uplift
and transient river adjustment, the effects of large landslides must be addressed. Using simple
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erosion rules for individual landslide dams and realistic statistical models of how often they
occur, we have shown how, and under what circumstances, landslides may significantly impact
river incision by regulating where and when channels can and cannot incise. Stable, gradually
eroding landslide dams create mixed bedrock-alluvial channels with spatial and temporal
variations in incision, ultimately slowing long-term rates of river incision, thereby reducing the
total amount of incision occurring over a given length of river per unit time. A stronger landslide
effect implies that a higher percentage of the channel is buried by landslide-related sediment,
leading to reduced river incision efficiency. The longer it takes a river channel to incise into a
landslide dam and cut through all landslide-related sediment, the more control these events have
on the evolution of the river profile and landscape evolution. This can be the result of slow
erosion of dams, a higher frequency of large events, or a denser concentration of landslide dams
along a specific river segment.
Our results speak to the dynamic coupling that exists between hillslope erosion by mass
movements and river incision. Incision creates the necessary conditions for large landslides to
occur (relief and steep hillslopes), but they in turn slow and/or stop river incision by covering the
bed for an extended period of time. In such situations, long-term bedrock river incision may
proceed through pulses of river incision into bedrock, followed by large landslides, valley filling
and subsequent incision into fill sediments and landslide debris, before river incision into
bedrock can continue. The feedback between landslides and river incision is both autogenic
(originating from the internal dynamics of long-term river incision) and allogenic (driven by
transient adjustment to external, outside forcings such as changes in base-level fall, uplift, or
climate). Landslides are a fundamental aspect of the transient response to the upstream
migration of incision signals, but they also slow it down by reducing river incision efficiency.
The landslide-dominated character of many deep river gorges around the world warrants
investigation into how large landslides influence river channels, bedrock river incision and
potentially landscape evolution. River profiles are often used to make inferences about the
tectonic, climatic, base-level, and lithologic controls on landscape evolution and the
characteristics of transient adjustment to changes in these forcings. However, on spatial and
temporal scales relevant to landscape evolution, landslides have effects on channel morphology
and river profile form that may be superimposed onto, or directly coupled with, these other
controls. By simulating landslide dams occurring and eroding along a length of river and
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examining controls on the long-term average number and average height of landslide dams, we
have begun to quantify the influence of large landslides in actively incising landscapes. Within
models of bedrock river incision and landscape evolution, therefore, it is necessary, at a
minimum, to include a coefficient of river incision efficiency (Keff= (1 - Bf)), which speaks to
the spatial and temporal intermittency of incision due to the effects of stable landslide dams.
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LIST OF VARIABLES
A [m2] area
f [-] dimensionless scaling exponent (power law distribution of landslides)
Ba [-] % river channel not buried, able to incise
Bf [-] landslide burial factor (i.e., % river channel buried, not able to incise)
c [yr -1] rate of landsliding (power law distribution of landslides)
dz/dt [mlyr] rate of change of landslide height
E [m/yr] erosion rate
f(qs) [-] influence of sediment flux
He [-] long-term sum of landslide dam heights for the exponential erosion rule
HI [-] long-term sum of landslide dam heights for the linear erosion rule
K [-] coefficient of erosion related to climate and lithology
Keff [-] coefficient of erosion incorporating the effects of landslides
Lf [m] upstream length of fill behind a landslide dam from the spill point back
Lr [m] channel length of interest
m [m/yr] erosion rate for linear erosion of landslide dams
M, N [-] exponents related to erosion process
Nde [-] long-term average number of landslide dams; exponential erosion rule
Ndl [-] long-term average number of landslide dams; linear erosion rule
Nlsd [-] number of landslide dams
Rf [m] fluvial relief over the river length of interest
S [-] channel slope
Sbr [-] bedrock channel slope
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Sf [-] transport slope of alluvial material filling behind the dam
AS [-] difference between Sbr and Sf
T [yr] decay timescale for exponential erosion of landslide dams
Te [yr] timescale of erosion for stable landslide dams
Ts [yr] timescale of recurrence for stable landslide dams
Ts, [yr] mean Ts from the distribution of landslides that occur
z [m] landslide height
z(t) [m] landslide height through time
Zavg [m] mean landslide dam height over Te
to [m] initial height of the dam
zou [m] mean zo from the distribution of landslides that occur
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FIGURE AND TABLE CAPTIONS
Figure 1: (a) Regional topography and rivers of the eastern margin of the Tibetan Plateau, a
transient landscape characterized by deep river gorges cut into an uplifted, low-relief relict
landscape. (b) Patches of low-relief, relict landscape preserved at high elevations. For a detailed
description of the criterion used to identify patches of relict landscape, see Clark et al., 2006. (c)
Topographic cross-section (path A to A' indicated in (b)), extracted from the - 1 km resolution
GTOPO30 Digital Elevation Model (USGS, 1993).
Figure 2: Longitudinal river profiles of the Dadu River (a) and Yalong River (b), extracted from
-90 m resolution Shuttle Radar Topography Mission (SRTM) data. In areas where SRTM data
are missing within the river gorge, the profile is inferred from adjacent points. Solid gray lines
drawn above the profiles indicate where patches of relict landscape are well preserved within a
distance of 20-30 km adjacent to the river gorges. Dashed lines indicate the relief bounds of the
relict landscape (Clark et al., 2006). Each profile has a diffusive, smooth upper section rolling
off the relict landscape, contrasted with a steep lower profile that has many knickpoints, some of
which are associated with large landslides, as noted.
Figure 3: Landslide dam sites (active and inferred) within the Dadu and Yalong River gorges,
superimposed on a shaded relief rendering of the region. Identification based on morphology
and characteristics of landslide deposits (typically >0.25 km3) and landslide dam deposits (lake
sediments, fill terraces, etc.). The main distinction between active and inferred sites is that active
sites still define significant knickpoints on longitudinal profiles. Fieldwork was restricted to the
Dadu River gorge, major tributaries near Danba, and the Li Qui River. Bold lines behind certain
landslides indicate the degree to which river valleys are presently filled in with sediment behind
large landslide dams. Note the location of Xianshuihe fault. Inset boxes refer to the locations of
Figures 4, 6, DR-3 and DR-6. LS in legend denotes landslides.
Figure 4: Danba region, Dadu River. (a) Map of the Danba region indicating the site of active
landslide dams (gray boxes), landslide scars (bold black lines with teeth), landslide boulder
rapids (dark gray shading), and currently dammed/filled in stretches of river (light gray shading).
(b) Lower 40 km of the Ge Sud Za He River longitudinal profile, with four active landslide dams
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and associated upstream filling. (c) Lower 40 km of the Xiaojin Chuan River longitudinal
profile, with two active landslide dams and associated upstream filling. (d) Longitudinal profile
of the Dadu River through the Danba region, with two active landslide dams and associated
upstream filling. Dashed boxes denote landslide deposits, scaled by estimated landslide
volumes. All profiles extracted from -90 m SRTM data. Inset boxes refer to location of Figure
5a and 5b. The ages of all landslide dams are unknown except for one noted.
Figure 5: Ge Sud Za River landslide dam close up, photos and data. (a) LANDSAT satellite
image, resolution 30 m; i and ii mark photo locations. (i) Field photo of the filled valley
upstream with large alluvial fans adjusted to the present river level. (ii) Field photo of the steep
narrow rapids through landslide deposits. (iii) Field photo of the steep, narrow rapids that are
composed of large boulders of schist. (b) Profile, slope and width data collected during a field
survey; iii marks photo location. Note the drop in width and increase in channel slope at the top
of the landslide dam.
Figure 6: Li Qui River, tributary of Yalong River. (a) LANDSAT satellite image. (b)
Simplified geologic map derived from "Geologic Map of the Tibetan Plateau and Adjacent
Areas" Compiled by Chengdu Institute of Geology and Mineral Resources and Chinese
Geological Survey (Map Scale 1:1,500,000). (c) Longitudinal river profile extracted from 90 m
SRTM data. (d) Lower Li Qui River longitudinal river profile with mapping. Landslide
damming and subsequent re-incision into the resulting fill deposit gives this profile its smooth
convex shape, accentuated by the effects of a strong, more resistant bedrock lithology (granite)
outcropping in the region and the transient response to rapid incision on the Yalong River.
Figure 7: Landslide dams and river profiles. (a) To calculate the landslide burial factor (Bf), we
sum the individual channel lengths associated with landslide deposits and aggradational wedges
behind stable landslide dams. (b) Vertically exaggerated close-up of a landslide dam and the
upstream aggradational wedge of sediment associated with it. Note the identification of
variables used in equations 14 through 18. The wedge of sediment behind a landslide dam
consists of alluvial gravels and lake sediments. As zo decreases, wedge shape is assumed to
adjust in a similar manner.
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Table 1: Estimates of landslide burial (BJ) for stretches of river depicted in the case studies (i.e.,
Figures 4 and 6). Lr, the channel length of interest, is limited to that shown in the river profiles
(Fig. 4b, 4c, 4d and 6c).
Figure 8: Landslide dam erosion. In our model, stable landslide dams decay in one of two
simplified ways: exponentially (dashed lines) or linearly (solid lines). (a) Plots tracking
landslide height through time for both erosion scenarios. We give three different curves for each
erosion scenario to show the range we use in our model runs. We use values of m and rto yield
Te values on the order of 101 to 105 years. (b) Plot comparing the two erosional scenarios using
parameters such that Te is the same for both models; in this case, zo is 100 m and Te is 5000
years.
Figure 9: Model runs for each scenario of landslide occurrence using linear erosion for
individual landslide dams. Model outputs are plots of the sum of landslide dam heights, H,
through time. In each scenario, the distribution of landslide dams is such that the mean initial
stable landslide dam height, zo, is -50 m, and the mean recurrence interval of that dam, Ts, is
-200 yrs. (a) Sum of landslide dam heights through time for a fixed landslide dam height, zo
occurring at constant recurrence interval, Ts. (b) Landslide dam events for 9a (zo = 50m, Ts =
200 yr, m = 0.02 m/yr). (c) Sum of landslide dam heights through time, where zo and Ts vary
independently and are normally distributed around fixed mean values. (d) Landslide dam events
for 9c (zo, = 52 ± 24 m, Tsu = 200 ± 92 yr, m = 0.02 m/yr). (e) Distribution of zo and Ts from 9d.
(f) Sum of landslide dam heights through time where landslide area and resulting stable dam
height are derived from a power-law frequency-magnitude distribution of landslides. (g)
Landslide dam events for 9f (zop = 44 + 23 m, Ts. = 200 ± 279 yr, m = 0.02 m/yr). (h) Plot
showing the power-law relationship between landslide size and probability, p(x), for the
landslide dam events depicted in 9g (fl = 1.5 ; c = 6400 yr-1; landslide area to dam height
conversion = 125 m/m 2 ). Landslides smaller than 0.1 km2 did not make a stable landslide dam.
Dashed lines in 9a, 9c and 9f are analytically derived long-term average sum of landslide dam
heights for the three scenarios (312 m for scenario #1, 337 m for scenario #2, and 242 m for
scenario #3) (equations 12 and 13). Note that these averages are not derived from the entire
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probability distribution function; they are the averages from the landslide dams that happened
randomly in the simulation.
Figure 10: Comparison of model runs that employ linear vs. exponential erosion using the same
scenario for landslide occurrence (#3) (i.e., Fig. 9f). Each model simulation is 50,000 years long
and the distribution of landslide dams is such that the mean initial stable landslide dam height, zo,
is -50 m and the mean recurrence interval of that dam, Ts, is -200 yrs. Parameters and
thresholds governing the power-law, frequency-size distribution of landslides that occur are the
same as shown in Fig. 9h. Dashed lines are the analytically derived long-term average sum of
landslide dam heights for the two model runs. (a) Te >> Ts: Linear erosion (m = 0.02 m/yr).
Landslide dam events distribution: zop = 48.8 m ± 34.6 m; Ts, = 192.9 + 200.1 yrs; analytical
long-term average = -310 m. Te < Ts: Linear erosion (m = 0.5 m/yr). Landslide dam events
distribution: zop = 53.2 m + 36.1 m; Ts. = 197.0 ± 202.9 yrs; analytical long-term average = -14
m. (b) Te >> Ts: Exponential erosion (z7= 500 yr-1). Landslide dam events distribution: zop =
49.5 m ± 34.3 m; Tsp = 198.5 ± 198.8 yrs; analytical long-term average = - 127 m. Initially rapid
erosion explains the lower long-term average in the case with exponential erosion.
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Table 1 -- Landslide burial for case studies (Figures 4 and 6)
L,,, channel , relief over # of active Sum of channell dRereliefover H, sum of damRiver Name length of landslide lengths buried Bh B,
L, [m] heights [m]interest [km] dam sites [km]a
Dadu Mainstem 90 260 2 100 65 0.72 0.28
Ge Sud Za He 40 760 4 350 30 0.75 0.25
Xiaojin Chuan 40 350 2 160 35 0.88 0.13
Li Qui 180 1800 2 400 70 0.39 0.61
a Burial associated with landslide deposits and upstream wedges of sediment behind dams
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Chapter 2 APPENDIX
APPENDIX : The Influence of Large Landslides on River Incision
in a Transient Landscape: Eastern Margin of the Tibetan Plateau
(Sichuan, China)
* Field Photos
* Additional Case Studies
* Additional information for Case Studies 1 and 2 (presented in main text)
* Figures DR-1, DR-2, DR-3, DR-4, DR-5, DR-6 and DR-7
* References and Figure Captions
FIELD PHOTOS
Figures DR-1 and DR-2 contain field photos of large landslide surfaces/deposits, typical
landslide rapids associated with active landslide dams, and examples of bedrock and alluvial
river channels within river gorges on the eastern margin of the Tibetan plateau.
ADDITIONAL CASE STUDIES
Fieldwork was focused along the trunk streams and major tributaries of the Dadu and
Yalong Rivers, with limited time spent studying the Min River to the east of the Dadu River and
the Yangtze River to the west of the Yalong River. Field observations of both active landslide
dam sites and inferred sites of landslide dams that existed in the past were prevalent in all river
gorges studied. Here, we provide additional, illustrative examples from within the Min, Dadu
and Yalong river gorges that further highlight the interaction between landslide dams, channel
morphology, longitudinal river profiles, and river incision on the eastern margin of the Tibetan
Plateau.
Min River: Deixi Landslides -- 32.050 N, 103.6790 E
One well-documented, recent example of the powerful influence of landslides is the
Deixi slide on the Min River to the east of the Dadu River (Fig. DR-3). It is the best modem
analog of an active stable landslide dam on the eastern margin. Three landslide dams formed
following a magnitude 7.5 earthquake in 1933 (Costa and Schuster, 1988; Tianchi, 1990). The
material that composes the lower two landslide dams was derived from a pre-existing landslide
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older landslide dammed the Min River - 14,000 years ago, based on the age of lake sediments
preserved upstream (Kirby et al., 2002). In the 1933 event, the downstream dam failed
catastrophically days after the earthquake, while the upper two did not. These upper two dams
continue to block the Min River today, having formed large lakes that continue to fill with
sediment (Fig. DR-3). The upper most dam, the Yinping landslide blockage, is composed of
course rock-avalanche deposits and obstructs a relatively narrow bedrock gorge. The top of the
Yinping blockage sits 150 m high above the pre-1933 bedrock valley floor, and in the 73 years
since the earthquake, the landslide deposits have not incised or eroded significantly. The lake
upstream, which was reportedly 10 to 11 km long months after the earthquake, is presently 6 km
long with an active delta front of alluvial gravel pro-grading towards the dam (Fig. DR-3ii).
Middle Dadu Gorge
We define the middle Dadu gorge as the stretch of river between 30.30 to 29.60 north
latitude as the Dadu River flows south. This stretch of river is mainly an alluvial reach, with the
Dadu meandering through a wide valley 500-1000 m across filled with large alluvial/debris-flow
fan material entering from large side tributaries and the deposits and landforms of large
landslides (Figs. DR-4 and DR-5). This stretch of river is bounded on its northern and southern
ends by distinct bedrock reaches of the Dadu, which have no large landslides within them. The
middle Dadu gorge shows no signs of active incision into bedrock; there is no bedrock
outcropping within the channel or channel banks, and no strath terraces. The Dadu valley
throughout the middle gorge is reworking the old landslide deposits and cutting down towards
its bedrock valley floor.
The middle Dadu gorge has the largest and most dramatic examples of landslide deposits
of anywhere within the Dadu catchment. One particular set of surfaces, called the Luding
terraces, record an immense landslide event that crossed and blocked the entire Dadu River
valley, and a lake that once existed high above the city of Luding (Figs. DR-5a, 5b, and 5c).
South of Luding, distinct landslide masses sit -700m above the modern river level on both sides
of the valley, the eastern of which has a cut-landslide fill terrace half way down. Above Luding,
upstream of these landslide deposits, a package of lake sediments -200m thick sits -900 m
above the present river elevation on top of bedrock. These lake sediments were deposited by the
Dadu or a side tributary into a landslide dammed lake that probably existed more than a million
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years ago (Chen et al, 2005). The age estimate is based on magneto-stratigraphy work done
within the lake sediments, showing at least one magnetic reversal and correlating the sequence to
an age of -4.4 million years (Fuchu et al., 1999). However, because the authors failed to account
for significant slumping and deformation within the section, it cannot be confirmed that reversals
recorded were not simply one reversal repeating itself within the sequence. In any case, because
these deposits sit on bedrock, the Luding terraces demonstrate that landslide damming events
occurred when the Dadu trunk level was higher than it is today, and that the relicts of landslide
damming events often persist high up on valley walls for thousands or even millions of years.
South of Luding, -20 km, another notable landslide area has a large volume of landslide
debris on both sides of the river valley, with the highest landslide surface resting -450 m above
the present river level (see photos, Figs. DR-lc, DR-5d and DR-5g). Incision into the landslide
debris has cut large terrace levels within the original landslide deposit. The bottom of these
surfaces is landslide material, there is no bedrock, indicating two things: (1) that this landslide
complex is younger than the Luding landslide complex, because this complex occurred when the
bedrock floor of the middle Dadu gorge was lower than it was at the time of the Luding
landslides, and (2) that the Dadu is still reworking the landslide material here and is actively
dammed. Age constraints confirm that this landslide complex is young, at least 6,535 +/- 460
years old. This age is from cosmogenic radionuclide (10Be) exposure age dating of a large, -8 m
diameter boulder on top of the landslide deposit. The boulder rests -200 m above the modem
river level, yielding a time-averaged landslide dam erosion rate of -3.06 +/- 0.22 mm/yr. The
hummocky landslide surface where the sampled boulder rests half buried has been farmed, with
possibly up to 2 meters of rock/soil missing. As a result, the age of the landslide should be
considered a minimum, making the time-averaged landslide dam erosion rate a maximum. The
Dadu River experiences a significant steepening in this area as it passes through the boulder
rapids that occur as the river incises into landslide debris.
One final landslide example worth noting in the middle Dadu gorge is within a small side
tributary of the Dadu north of Luding (Fig. DR-6). This tributary, which enters from the east, is
completely back-filled with sediment behind the landslide dam that occurs close to the Dadu.
The longitudinal profile of this tributary has a pronounced knickpoint, where channel steepness
increases through the landslide deposits (Fig. DR-6c). Very different interpretations would have
been possible for this tributary, such as a fluvial hanging valley, trunk down-cutting and
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subsequent knickpoint incision migrating upstream, or the outcropping of particularly resistant
lithology control.
In general, examples where deposits from large landslide dams fill the middle Dadu
gorge, there are no significant knickpoints on the longitudinal profile of the Dadu River. Rather,
the channel within the middle dadu gorge is steeper than average, suggesting that the integrated
effects of incising into landslide deposits has steepened the long-term river profile, but do not
cause a distinct knickpoint in the full profile of the Dadu.
Dadu Gorge: Confluence of Mar Qu and Do Qu Tributaries
The confluence of Mar Qu and Do Qu tributaries of the Dadu occurs within the upper
Dadu gorge, west of Barkum (also Ma'erkang) in Jinchuan country (Fig. DR-7). Here, another
dramatic example of a landslide dam occurs along the main Dadu River profile, where the two
main tributaries of the upper Dadu catchment join (the Mar Qu and Do Qu), each dissecting the
granite intrusion which encircles their confluence. The main Dadu branch (Mar Qu), which
enters this confluence from the east, has a significant landslide dam. In 5 km, the channel drops
-75 m as the river works its way through a landslide package with coarse granite boulders 1-2 m
in diameter (Fig. DR-7). Upstream, lake sediments and alluvial fill are preserved and the Dadu
River is dammed for -12 km. The age of the landslide deposit is 56,944 +/- 3,858 years, based
on a cosmogenic radionuclide (10Be) exposure age for a large, 5 m diameter boulder on top of the
landslide deposit. The boulder we dated rests -~ 105 m above the modem river level, yielding a
time-averaged landslide dam erosion rate of -1.84 +/- 0.12 mm/yr. This landslide dam occurs
along a stretch of river already over-steepened because of the lithologic contrast between flysch
to the North and South and a massive granitic intrusion. The two reaches of boulder rapids occur
at large rockfalls upstream on the Mar Qu, and downstream after the confluence, both within the
granite.
Yalong Gorge
Our ability to extensively study the Yalong River gorge in the field has been limited by
access. Much of the Yalong River lies within a deep, extremely steep gorges without roads.
The only significant landslide dam within the Yalong river gorge documented in the field occurs
1km downstream of the Li Qui/Yalong River confluence (Fig. DR-le). Here, a dam of unknown
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age occurs with -40 m of drop in the rapids, upstream of which the Yalong is dammed for -10
km. Further downstream, the Yalong river has two large-scale knickpoints on its longitudinal
profile (Fig. 2). Although we were not able to visit these sites in the field, analysis of bedrock
geology maps and satellite imagery strongly suggests that these knickpoints are landslide related.
The hillslope morphology of large landslides is identified, and granite plutons outcrop adjacent
to the Yalong gorge, in contrast with reaches to the north and south which lie within
predominantly flysch bedrock. It appears as though the combination of large landslides and
massive granite boulders in this reach contribute to the large knickpoints seen on the Yalong
profile, similar to the lower portion of the Li Qui River.
ADDITIONAL INFORMATION FOR CASE STUDIES PRESENTED IN MAIN TEXT
Case Study 1: Dadu Gorge and Tributaries - Danba Region
As exemplified by the Ge Sud Za example (Fig. 5), rivers around Danba appear to be
strongly influenced by large landslides and are detached from their bedrock valley floors, with
no indication of quick incision into landslide-related deposits, or, a return to steady incision into
bedrock. North of Danba, the western valley wall consists of a large complex of landslides. This
area has many landslide scarps, indicating continual reactivation of the landslide debris. The
most recent reactivation has produced a large landslide dam on the Dadu (Fig. 4, photo DR-1g).
The dam is -9 km upstream from the town of Danba, and has -80 m of drop in the rapids caused
by the landslide deposits. This is largest direct drop on the Dadu mainstem associated with a
single, active landslide dam. Upstream of the dam, the channel meanders through a valley filled
with alluvial gravel for -10 km. Farther north of this landslide dam (-28 km upstream of
Danba), the Dadu dissects a granitic pluton which outcrops to the NW and SE of the river. The
general steepening seen in the Dadu profile within this granite section is associated with two
large landslide complexes and debris flow fans which enter from side tributaries (Fig. 4). Within
the 90 km of river channel upstream of this granite section, the Dadu mainstem contains no
active landslide dams and is gentle and alluvial, suggesting that it is hung up and dammed behind
the landslide complexes associated with this granitic body.
The Xiaojin Chaun tributary has two significant landslide dams, the biggest of which is
- 17 km upstream from the confluence with the Dadu with - 100 m of drop in the rapids caused
by the landslide deposits (Fig. 4). The landslide occurred on the SE of the valley and landslide
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debris has pinned the channel against the NW bedrock valley wall. Rapids through this landslide
dam are now caused by large landslide boulders and the abraded, sculpted bedrock wall.
Upstream, the valley is filled for -~ 17 km, but side tributaries have not yet built large alluvial fans
upon the fill level, suggesting that it is considerably younger than the biggest example on the Ge
Sud Za He (i.e., << 9000 yrs old). Finally, the Dong Gu He tributary has one significant
landslide dam, with -60 m of drop in the rapids caused by the landslide deposits, which consist
of large, 5-10 m boulders. This dam on the Dong Gu He tributary occurs at a drainage area
much less than the examples on the Xiaojin Chaun and Ge Sud Ze He tributaries, and as a result,
the channel gradient is much steeper and the upstream filling behind the dam does not extend
more than 2-3 km.
Case Study 2: Li Qui River
The Li Qui example emphasizes the influence of local sediment flux from hillslopes on
controlling river gradients, and stresses the role of grain size and lithology. Steep river gradients
will persist wherever the adjacent hillslope lithology is massive enough to deliver coarse
boulders to the channel, regardless of the hillslope erosion process responsible for their
deposition (debris flow, rockfall, large landslide, etc.). For most of its length, the Li Qui cuts
flysch, but three granite intrusions lie along the profile (Fig. 6b). The river dissects the upper
and middle granite intrusions, and lies just to the south of the lower granite intrusion. The upper
granite intrusion defines a sharp knickpoint on the longitudinal profile of the Li Qui, with
bedrock occasionally outcropping in the channel (profile location A in Fig. 6c). The channel
itself is a continuous boulder cascade composed primarily of 1 to 3 m granite boulders. The
processes delivering these boulders to the channel are most likely periglacial weathering of
bedrock outcrops on adjacent hillslopes, small rockfalls, and other mass wasting processes. In
contrast, the middle granite intrusion does not have a morphologic expression in the longitudinal
profile (profile location B in Fig. 6c). The channel here contains less than 1% granite boulders,
and the Li Qui river valley is wide and alluviated, suggesting the possibility that a knickpoint on
the bedrock valley floor is buried beneath the fill. The lower granite intrusion coincides with the
dramatic steepening of the profile as it falls to join the Yalong (profile location C in Fig. 6c).
Here, massive granite does not outcrop directly in the channel or adjacent hillslopes, but it does
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outcrop high up on the valley walls. The large boulders seen in the channel armoring the bed are
granite, presumably delivered to the channel from rockfalls and landslides.
Figure 6d shows that well-preserved lake and alluvial fill gravels record a period of
prolonged river damming on the Li Qui and that the river has subsequently incised into a portion
these sediments. The highest fill level increases in height moving downstream and wide-spread
landslide deposits indicate the likely site of an ancestral landslide dam. This is also where all
outcrops of incised sediments end. Within the 50 km of incised sediment behind the ancestral
landslide dam site (Fig. 6d), we have dated lake sediments in three locations and the alluvial
gravels in two locations. The lake sediment dates are Optically Stimulated Luminescence (OSL)
ages from quartz grains, intended to constrain the time when these fine sediments were deposited
in a lake environment. The three ages are 4,214 +/- 605, 5,030 +/- 950, and 7,780 +/- 1,200
years old. The two alluvial gravel ages are from cosmogenic radionuclide (10Be) depth profiles,
intended to constrain the timing of the abandonment of fill terraces. We interpret these fill
terraces to represent the active river level at the time the Li Qui River was adjusted (or graded) to
a base-level fixed at the top of a landslide dam downstream. We sampled this paleo-Li Qui
River level in two places: upstream where the fill terrace level is - 17 m above the modem river
level, and downstream where the fill terrace level is -60 m above the modem river level. The
upstream age is 7,935 +/- 785 years old and the downstream age is 4000 +/- 215 years old.
Depending on what we assume about the post-depositional history of the fill terraces, the timing
of abandonment in relation to one another, or the inherent uncertainty of dating lake sediments
with OSL, we can use these ages to say that these sediments were deposited behind one landslide
dam sometime between 4000 and 8000 years ago (deposited over a period of -1000 years), or
two landslides dams, one -5000 years ago and the other -8000 yrs ago. Either way, since the
river is still reworking and incising into these sediments and has not yet reached the bedrock
valley floor, they indicate that landslides have dominated this stretch of river for at least the last
-8000 years, and perhaps much longer.
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FIGURE CAPTIONS:
Appendix Figure 1: Field photos of large landslide surfaces/deposits and steep, narrow boulder
rapids through landslides deposits: (a) Dadu River, north of Danba; (b) Min River, west of
Maowen; (c) Dadu River, south of Luding; (d) Dadu River, north of Jinchuan; (e) Yalong River,
south of Li Qui confluence; (f) Li Qui River, -3 km from its confluence with the Yalong River;
(g) Dadu River, north of Danba.
Appendix Figure 2: Field photos of bedrock and alluvial river channels within the Yalong and
Dadu River catchments, showing the highly variable nature of channel and valley widths. (a)
Alluvial reach, Dadu River, south of Jinchuan; (b) Alluvial reach, Dadu River, 100 km
downstream of Luding; (c) Alluvial reach, Dadu River, Luding area; (d) Bedrock reach, Yalong
River, north of Yajiang. (e) Bedrock reach and landslide rapids, Dadu River, north of Danba; (f)
Bedrock reach, Dadu River, north of Luding; (g) Bedrock reach, Yalong River, south of Yajiang.
Appendix Figure 3: Deixi Landslides on the Min River (32.050 N, 103.6790 E). (a) River
profile through the landslide dams. Coarsely dashed box denotes the older, -~ 14,000 year old
landslide deposits; smaller, more finely dashed boxes denote the landslide deposits which
dammed the Min River in 1933. (b) Map of the Deixi area with 1933 landslide scars (bold black
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lines with teeth) and landslide dam (gray shading) indicated. Landslide scars associated with the
older, -~ 14,000 year old landslide deposits noted as gray lines with teeth. Note locations of
photos (i), (ii) and (iii). (i) Photo of the upper landslide dam: the Yinping blockage. (ii) Photo of
the active delta front of alluvial gravel pro-grading into the lake. (iii) Photo of the older, -14,000
year old landslide deposits.
Appendix Figure 4: Map of the middle Dadu gorge between 30.30 to 29.60 N as the Dadu River
flows south. Landslide scars (bold black lines with teeth), and inferred landslide dams (gray
shading) indicated. Dashed gray line indicates the Luding terrace composed of lake sediments
900 m above the present Dadu level. Markers (a) through (g) denote the locations of field photos
in Figure DR-5.
Appendix Figure 5: Field photos from the middle Dadu gorge region. (a), (b) Luding terraces,
landslide deposits downstream of Luding; (c) Luding terrace, lake sediments above Luding; (d),
(g) Landslide complex 20 km south of Luding; (e) Landslide scar and surface, south of Luding;
(f) Landslide deposits, north of Luding.
Appendix Figure 6: North of Luding, small tributary of Dadu completely filled behind
landslide dam. (a) ASTER satellite image, resolution 15 m, visible bands 1, 2 and 3. Area filled
with white bars indicates the extent of landslide deposits and associated dam. Dashed line
outlines the extent of filled valley upstream of landslide dam. (b) Longitudinal river profile
extracted from 30 m DEM derived from the ASTER imagery. (c) Slope-Area data for the
profile. Note the large knickpoint and extremely high channel steepness values through the
landslide deposit.
Appendix Figure 7: (a) Map of the confluence of Mar Qu and Do Qu Tributaries (31.8373' N,
101.91810 E). Landslide scar (bold black lines with teeth) and landslide dam (gray shading)
indicated. Note locations of photos (i) and (ii). White star marks the location of the landslide
boulder we dated to 56,944 +/- 3,858 years old. (b) River profile through the landslide dam.
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ABSTRACT
Epigenetic gorges form when channels that have been laterally displaced during episodes
of river blockage or aggradation incise down into bedrock spurs or side-walls of the former
valley rather than excavating unconsolidated fills and reinhabiting the buried paleovalley.
Valley-filling events that promote epigenetic gorges can be localized, such as a landslide dam or
an alluvial/debris flow fan deposit at a tributary junction, or widespread, such as fluvial
aggradation in response to climate change or fluctuating base-level. The formation of epigenetic
gorges depends upon the competition between the resistance to transport, strength and roughness
of valley-filling sediments and a river's ability to sculpt and incise bedrock. The former affects
the location and lateral mobility of a channel incising into valley-filling deposits, the latter
determines rates of bedrock incision should the path of the incising channel intersect with
bedrock that is not the paleo-valley bottom. Epigenetic gorge incision, by definition, post-dates
the incision that originally cut the valley. Strath terraces and sculpted bedrock walls that form in
relation to epigenetic gorges should not be used to directly infer river incision induced by
tectonic activity or climate variability. Rather, they are indicative of the variability of short-term
bedrock river incision and autogenic dynamics of actively incising fluvial landscapes. The rate
of bedrock incision associated with an epigenetic gorge can be very high (>1 cm/yr), typically
orders of magnitude higher than both short and long-term landscape denudation rates. In the
context of bedrock river incision and landscape evolution, epigenetic gorges force rivers to incise
more bedrock, slowing long-term incision and delaying the adjustment of rivers to regional
tectonic and climatic forcing.
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INTRODUCTION
An epigenetic gorge is a bedrock-walled river channel segment that forms as rivers incise
into valley-filling deposits and become superimposed on bedrock spurs or entrenched into side-
walls of the former valley (i.e., Hewitt, 1998) (Fig. 1). The term 'epigenetic' refers to the
secondary nature of these gorges, occurring after the formation of the original gorge. In recent
literature, an epigenetic gorge has also been referred to as a 'valley spur cutoff', 'bypass gorge',
or 'modern slot canyon' (James, 2004; Korup et al., 2006; Pratt-Situala et al., 2007,
respectively). In fluvial settings, epigenetic gorges can form in association with landslide dams,
alluvial fans, or river incision and re-organization following widespread fluvial aggradation.
Though not the focus of this paper, epigenetic gorges can also form in association with river
blockages and aggradation related to eolian, glacial, volcanic or karst processes.
Epigenetic gorges have been recognized in fluvial landscapes around the world. The
majority of epigenetic gorges documented in the literature occur in relation to landslide dams,
including examples from NW Himalaya along the Indus River (Hewitt, 1998), central Nepal
along trans-Himalayan rivers (Korup et al., 2006; Pratt-Situala et al., 2007), northeastern Italian
Alps along the Vaiont River (Semenza and Ghirotti, 2000), and central Oregon in the lower
Deschutes River canyon (Beebee, 2003). One anthropogenic epigenetic gorge that formed in
relation to river incision and re-organization following alluvial fan deposition has been
documented in the Sierra Nevada Mountains, where fan aggradation during hydraulic mining in
the late 1800s diverted Greenhorn Creek, a tributary of Bear River, over a bedrock spur (James,
2004).
In this paper, we explore the occurrence and significance of epigenetic gorges within
actively incising, fluvial landscapes. Our goals are to (1) document the range of fluvial
circumstances that can lead to their formation, (2) discuss the dynamics involved in their
development, and (3) explore implications for studies of river incision and landscape evolution.
We begin by introducing conceptual models for the formation of epigenetic gorges in relation to
landslides and fluvial aggradation. We support these models and highlight the prevalence of
epigenetic gorges in actively incising landscapes by discussing examples from around the world,
in rivers that drain the eastern margin of the Tibetan plateau, Peruvian Andes, Colorado Plateau,
and North Island of New Zealand. Motivated by these examples, we discuss the dynamics
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involved in epigenetic gorge formation, as well as their significance and implications in the
context of studying the rates and processes of bedrock river incision and landscape evolution.
FIELD CHARACTERISTICS
Epigenetic gorges are characterized as bedrock walled gorges adjacent to a pre-existing
channel and/or valley now filled with landslide or fluvial deposits (Fig. 1). Actively forming or
recently formed epigenetic gorges typically have narrow valleys, increased channel gradients
(possibly containing a waterfall), and wider, low-gradient alluvial river channels both upstream
and downstream of the bedrock walled gorge. The age, depth, length and width of an epigenetic
gorge determines the coherence of these characteristics. In wide river valleys, epigenetic gorges
may simply be new channels cutting down through bedrock that was not the original valley
bottom, leading to isolated bedrock ridges in the middle of the valley. Because epigenetic gorges
commonly form in relation to landslide deposits and landslide dams, the recognition of
epigenetic gorges in the field may be aided by signs of stable landslide dams (i.e., profile
knickpoints, and lacustrine and/or fluvial deposition upstream of landslide deposits).
Epigenetic gorges form after the original valley has been cut and are therefore dependent
upon the bedrock geometry/configuration of the original valley. Characteristics of valley
geometry that influence epigenetic gorge formation include whether the original valley was wide
or narrow, whether it was bounded by steep or gentle hillslopes, and whether it contained many
bedrock spurs and strath terraces close to the active channel, such as what might be expected
within a river valley with bedrock meanders. None of these attributes will directly generate an
epigenetic gorge, but they influence the probability of their formation following a valley-filling
event.
MODELS OF EPIGENETIC GORGE FORMATION
Landslide Dams
In rapidly incising fluvial landscapes, where high relief and relatively narrow river gorges
are common, large landslides often fill river valleys and form landslide dams that inundate
upstream channels with water and sediment (Costa and Schuster, 1988). Not all landslide dams
fail quickly and/or catastrophically; many stabilize and block river valleys for hundreds to tens of
thousands of years, slowly eroding through time.
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Conceptual Model
A conceptual model for how large landslide deposits and landslide dams lead to the
formation of epigenetic gorges begins with the initiation of a large landslide adjacent to an
incised valley with bedrock valley walls (Fig. 1). The landslide deposit fills the valley, forming
a landslide dam. Due to the surface topography of the deposit, when water rises to overtop the
landslide dam the river is typically pushed against one of bedrock valley walls. The river then
starts to cut down through the landslide debris while also eroding the bedrock channel walls. If
significant quantities of large bouldery debris are present within the landslide deposit, this
material can prevent rapid incision into the landslide deposit, stabilize the landslide dam, and
allow the river enough time to sculpt and erode the bedrock channel walls. Once the river is
entrenched in bedrock, the river abandons the landslide debris and continues to cut a new
bedrock-walled valley. The new valley is an epigenetic gorge.
Landslide Case Study: Eastern margin of the Tibetan Plateau
The eastern margin of the Tibetan Plateau is characterized by deep river gorges cut into
regionally uplifted topography (Clark et al., 2006). River gorges in the region, such as those of
the Dadu and Yalong Rivers (both major tributaries of the Yangtze River), typically have high
local relief, narrow valleys and steep, threshold hillslopes that frequently suffer large landslides
(Ouimet et al., 2007). These large landslides inundate river valleys and overwhelm channels
with large volumes (>105 m3) of coarse material, commonly forming stable landslide dams that
trigger extensive and prolonged aggradation upstream. The prevalence of large landslides and
stable landslide dams throughout the evolution and rapid incision of rivers on the eastern margin
has resulted in many epigenetic gorges. The examples from the eastern margin highlighted
below are all landslide related, particularly where large landslide deposits filled narrow valleys,
forcing erosion and the formation of an epigenetic gorge in bedrock valley walls of the former
valley. In each case, there does not appear to have been a clear bedrock spur that the landslide
deposits buried, rather the river was probably pushed up against one valley wall by an
asymmetric landslide blockage.
The first example within the Dadu River catchment lies near the town of Danba in
western Sichuan (SW China). Upstream from Danba, there are significant landslide-related
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knickpoints on the Dadu mainstem and three of its large tributaries, the Ge Sud Za He, Xiaojin
Chuan, and Dong Gu He (Ouimet et al., 2007). An excellent example of a landslide-induced
epigenetic gorge is located 1 km upstream and SW of Danba along Dong Gu He River (Fig. 2).
The epigenetic gorge here is cut within a mica-schist and the total amount of epigenetic bedrock
incision is 80-100 m. The active channel through the gorge does not show a significant increase
in channel gradient or decrease in channel width through the gorge, though bedrock valley width
is much smaller than the valleys upstream and downstream. A second example of a landslide-
induced epigenetic gorge lies farther north in the Dadu River catchment, on the Do Qu River -70
km west of Maerkang (Fig. 3). The epigenetic gorge here is cut within Jurassic flysch and the
total amount of epigenetic bedrock incision is 100-120 m. The active channel through the gorge
is steeper and narrower than alluvial reaches upstream and downstream.
Both of the examples within the Dadu River catchment were of epigenetic gorges that no
longer have a significant waterfall or knickpoint associated with them. A smaller scale
landslide-induced epigenetic gorge that is actively incising its bedrock gorge is found on the
Somang Qu River (a tributary within the Min River catchment) -25 km NW of Lixian. The
gorge is cut into Jurassic flysch with total incision into rock of -30 m, including an active
waterfall with 5 m drop (Fig. 3). The active channel through the gorge is bedrock and is steeper
and narrower than the alluvial reach upstream that contains lake sediments and fluvial sediments
that filled a pre-existing landslide dam lake. Directly downstream of the gorge the Somang Qu
River contains steep, narrow rapids associated with reworking landslide deposits that contributed
to forming the epigenetic gorge.
A final example of a landslide-induced epigenetic gorge on the eastern margin is on the
Li Qui River. The Li Qui River is a 190 km long tributary of the Yalong River that runs through
Xinduqiao -50 km west of Kangding in western Sichuan. Landslides have fundamentally altered
the morphologic expression of the transient response of the Li Qui to mainstem incision on the
Yalong (Ouimet et al., 2007). Within the last 10 km before its confluence with the Yalong, the
Li Qui River is extremely steep due to rapid base-level fall and large landslide debris within the
present channel. Epigenetic gorges are associated with the landslide deposits in this lowermost
section of the Li Qui. Figure 4 depicts a gorge with a total of 50-60 m of bedrock incision cut
within granite. The active channel through the gorge is not significantly steeper or narrower
through the gorge, though the width of the bedrock valley is much narrower here than either
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upstream or downstream. We dated the sculpted bedrock strath surface at the top of the
epigenetic gorge using cosmogenic radio nuclide ('lBe) exposure age techniques and found a
model age of 3,798 ± 298 years before present. Using 48 m as the height above bankfull, this
yields a minimum bedrock incision rate associated with the epigenetic gorge of 12.6 ± 0.9 mmlyr
over that time. This is a time-average minimum incision rate. Given that no trace of an initial
knickpoint remains, it is likely that the formation and cutting of the epigenetic gorge here
proceeded at rates >> 13 mm/yr. This rate is at least one order of magnitude higher than long-
term erosion rates in the region (-0.34 mm/yr; Ouimet et al., 2006), as we will discuss in detail
later.
Landslide Case Study: Cotahuasi Canyon, Southwest Peru
The Cotahuasi River is located in southwest Peru on the western margin of the Altiplano
Plateau in the central Andes. Considered one the deepest river canyons in the world, Cotahuasi
Canyon is incised more than 3 km below an uplifted plateau surface (Schildgen et al., 2007).
The Cotahuasi valley is characterized by high local relief, narrow valleys and steep, threshold
hillslopes. As a result, large landslides and landslide dams are a prominent feature within the
canyon and there are many landslide-related epigenetic gorges within the active channel. For
most of its length, the Cotahuasi river valley alternates between wide, low-gradient alluvial
channels and narrow, high-gradient bedrock-walled sections that contain dramatic rapids. Nearly
all the narrow, bedrock-walled reaches are landslide and epigenetic gorge related.
The most dramatic example of a landslide-induced epigenetic gorge within Cotahuasi
canyon is located near the town of Cotahuasi, at a site called Sipia Falls (Fig. 5). In this location,
a large volume of landslide material (-0.25 km3) filled the Cotahuasi valley leading to a
landslide dam, the top of which was -350 m above the pre-landslide river level. Sometime after
initial dam breaching and incision, the landslide dam stabilized at -280 m above the pre-
landslide river level. Upstream of Sipia Falls, the landslide-choked valley is mantled with
alluvial and lacustrine sediments that attest to the existence of a lake while the landslide dam was
stable. This package of sediment sits -180 m above the modern river level immediately upstream
from the falls. Once the upstream lake was filled with alluvium, gravel and sand would have
been transported through the falls, acting as tools for abrasion and incision that likely accelerated
erosion and incision into the stable landslide dam.
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As incision into the dam proceeded, the river eventually came into contact with bedrock
along the southern side of the valley, leading to the formation of an epigenetic gorge (Fig. 5).
Sipia Falls is a waterfall with -100 m total drop over three steps located within this epigenetic
gorge. The top of the falls are held up by massive quartz arenite beds of the Cretaceous Murca
and Hualhuani Formations. The bedrock-landslide contact on the northern valley wall is at its
highest -100 m above the top of the falls, constraining the maximum amount of epigenetic
bedrock incision at -200 m. The falls are currently located 490 m upstream from the
downstream end of the landslide-filled paleo-valley; the upstream end of the landslide fill is
another 500 m upstream. The epigenetic gorge at Sipia Falls has already formed, but it has not
been completely cut. Sipia Falls represents a bedrock knickpoint actively migrating upstream
such that the top of the waterfall is the local base-level for the easily transportable and erodable
fluvial sediments that have accumulated upstream.
Fluvial Aggradation
Conceptual Model
A model for how local or basin-wide fluvial aggradation can lead to the formation of
epigenetic gorges depends primarily on the geometry of the buried paleovalley. Paleovalleys
with entrenched bedrock meanders contain spurs and strath surfaces adjacent to the channel.
Depending on the magnitude of the aggradation event, these features may be partially or
completely buried. Following complete burial, the channel's lateral position is no longer
confined to the width of the paleochannel. Instead, the lateral position is controlled by
longitudinal variation in sediment supply (e.g., prograding alluvial fans at tributary junctions) or
the random switching of channel position on an aggradational bed surface. Following
aggradation, the river incises into these unconsolidated fluvial sediments and establishes a path
through the valley that often differs from the channel bottom of the buried paleovalley.
Therefore, as the river incises, some reaches may incise bedrock spurs and straths of the
paleovalley while others will lower easily through unconsolidated fluvial sediment. The
longitudinal variation in the magnitude of bedrock incision results in the formation of epigenetic
gorges and local knickpoints.
Aggradation Case Study: Trail Canyon, Southeast Utah
79
Chapter 3 - Epigenetic Gorges
Trail Canyon is a tributary of Trachyte Creek, which flows into Lake Powell on the
Colorado River above Glen Canyon Dam in southeast Utah. Draining east off Mount Hillers in
the Henry Mountains, Trail Canyon is - 17 km long and is incised into sedimentary bedrock units
of the Colorado plateau, notably the Navajo Sandstone near its confluence with Trachyte Creek.
Baselevel control on Trail Canyon and nearby rivers is ultimately associated with dissection of
the Colorado plateau throughout the Colorado River catchment. Trail Canyon and other (but not
all) channels draining the Henry Mountains contain abundant coarse clasts of resistant diorite
that originate from the laccolith intrusions that formed the mountain peaks and are now eroding.
Relative to adjacent channels, the coarse sediment load has inhibited overall downcutting due to
cover effects of bed armoring (e.g., Sklar and Dietrich 2001). As a result, Trail Canyon has been
interpreted to be a transport-limited incising bedrock channel with a smoothly concave
longitudinal profile (Johnson et al., 2007).
The epigenetic gorges in Trail Canyon are the result of river incision and re-organization
following regional fluvial aggradation (Fig. 6). This aggradation formed extensive fill terraces,
11-15 meters thick, presumably associated with late Pleistocene climate change. Along the
main-stem of Trachyte Creek approximately 10 km north of its confluence with Trail Canyon, a
7 m high strath covered with 2-3 m of alluvium has been dated to 13 + 1 ka based on cosmogenic
depth profiles (Cook et al., 2006). Where the Trail Canyon valley is wide, a fill terrace level 11-
15 m above the active bedrock/sediment valley floor is preserved in a continuous outcrop; where
the valley is narrow the fill terrace remnants are more spatially discontinuous but are consistent
in height. A record of less continuous bedrock strath surfaces approximately 0-10m above the
current channel, now typically covered with coarse sediment, indicates that bedrock incision
prior to valley filling had reached the current valley bottom but not farther. We have little
constraint on whether valley filling and re-incising each occurred approximately monotonically,
or if there was a more complex history of bed aggradation and degradation (reaching a maximum
height of fill currently preserved at 11-15m). In any case, after aggradation stopped, Trail
Canyon began incising into the unconsolidated alluvial deposits that had filled the valley, cutting
a path through the alluvial sediments that naturally did not everywhere conform to the pre-
aggradation river path. When this path was over the strath terraces, Trail Canyon incised
through bedrock and formed multiple epigenetic gorges while other sections lowered easily
through unconsolidated alluvium (Fig. 6). Due to the transport-limited nature of these channels
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(Johnson et al., 2007), the epigenetic gorges that formed during this process likely did not
produce significant longitudinal profile knickpoints, which contrasts with the landslide related
examples described earlier.
The Navajo sandstone is relatively unjointed and sufficiently strong to form dramatic
cliffs and overhanging alcoves, but is nonetheless highly erodable in fluvial channels carrying
coarse sediment. Recent monitoring studies of bedrock river incision in nearby channels
document that incision rates into Navajo Sandstone, though localized along a steep bedrock
channel reach, can exceed 40 cm in a month when snowmelt runoff is high and sustained
(Johnson et al., 2005). Assuming that the - 12-14 ka age measured upstream along Trachyte
Creek also correlates with the end of aggradation in Trail Canyon, this suggests that the rate of
epigenetic gorge incision is at least 0.6 mm/yr, while the lack of any knickpoints associated with
the gorges suggests that the incision rate was probably much higher.
Aggradation Case Study: Waihuka River, North Island New Zealand
The Waihuka River is a trunk stream within the Waipaoa River catchment, located on the
northeastern coast of the North Island of New Zealand. A pulse of incision initiated - 18ka
propagated a wave of incision upstream through much of the Waipaoa River catchment, resulting
in the incomplete dissection of an aggraded, low-gradient, relict landscape (Crosby, 2006a).
Prior to incision, fluvial aggradation buried bedrock-floored river valleys between -30 ka and 18
ka (Litchfield, 2005). The bedrock lithology of the Waihuka catchment consists of Miocene
clay-rich mudstones and siltstones interbedded with infrequent sandstone and carbonate beds
(Mazengarb, 2000).
The cycle of river incision, aggradation and renewed incision in the Waipaoa basin
resulted in the formation of epigenetic gorges, specifically documented along the Waihuka River
(Crosby, 2006b). The modern longitudinal profile of the Waihuka River (Fig. 7) contains a
distinct inflection at the exact location where the largest tributary enters the Waihuka. This
tributary, the Parihohonu Stream, drains some of the most erosion resistant rocks in the Waihuka
catchment and prior to incision 18 ka, produced a well defined alluvial fan that prograded out
onto the floor of the Waihuka River valley. During aggradation, the expanding Parihohonu fan
forced the Waihuka trunk stream laterally out of its paleochannel and against the opposite side
valley wall. During post-aggradation incision, the channel incised into the bedrock along the
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valley wall rather than re-incising into the alluvium-filled paleochannel preserved under the fan.
This same phenomenon was observed at 3 other locations along the 14 km stretch surveyed
along the Waihuka River. In the simplified field-surveyed longitudinal profile of the Waihuka
River (Fig. 7), the positive inflection in the elevation of the strath surface near the Parihohonu
fan reflects a greater amount of local bedrock incision compared to the reaches downstream that
reoccupied their paleochannels before incising into their bed. The other locations of epigenetic
gorge formation are too small to show up on this longitudinal profile.
This example of epigenetic gorge incision has the attributes of both the landslide/alluvial
fan model and general fluvial aggradation model. Fluvial aggradation raised the level of the
Waihuka River higher than the pre-existing strath level, but the Parihohonu and other alluvial
fans were equally important in displacing and guiding subsequent incision away from the former
valley center, as well as limiting the lateral mobility of the incising channel.
DYNAMICS OF FORMATION
The most crucial aspect of the formation of epigenetic gorges is the period of time when
rivers begin to rework and incise into valley-filling deposits and come into contact with bedrock
that is not the floor of the former valley. After a river has incised into bedrock to a level deeper
than its bankfull height, it is likely locked within its new gorge, unless another period of valley-
filling occurs and reestablishes the lateral mobility of the channel.
A key issue regarding the formation of epigenetic gorges is why the river cuts a new
gorge into bedrock instead of incising into deposits that are presumably easier to erode (i.e.,
landslide deposits or unconsolidated fluvial sediment). One explanation is that in some cases the
nature of valley-filling deposits may actually make it more difficult to transport and incise into
them than to erode bedrock. Landslide deposits often include a significant fraction of large
(>2m) erosion-resistant boulders that armor the channel bed as finer material is preferentially
transported downstream. This winnowing process condenses the original landslide material into
large, interlocked boulders that stabilize the landslide dam and protect the top of the initial
deposit from further erosion. These large boulders are not easily moved by large floods and may
remain stable for long periods of time, as indicated by advanced fluvial sculpting. They are also
significant roughness elements the bottom of the channel that serve to dissipate stream power
associated with typical flood discharges and further reduce the ability of flows to transport
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material downstream. Similarly, large erosion-resistant boulders may be found within fluvial
sediments associated with debris flows and floods. In either situation, the resistant nature of
coarse sediments filling the valley may limit the lateral mobility needed to avoid incising into
bedrock, allowing enough time for the river to sculpt the bedrock walls or bedrock spurs and
incise a new gorge. This does not need to happen as soon as rivers begin to incise the valley-
filling deposits. Any time during the reworking of the fill deposits the river can concentrate the
coarse debris and reach a threshold where sculpting bedrock and eventually forming an
epigenetic gorge is favorable.
A second explanation for why the river cuts a new gorge into bedrock instead of incising
into valley-filling sediments is that in relative terms it may never be difficult to incise bedrock.
The channel that reworks fill deposits and comes into contact with bedrock may form a steep
knickpoint along the river profile (possibly containing a waterfall), with a steep channel gradient
and narrow channel width generating increased stream power necessary to erode the bedrock
rapidly (Finnegan et al., 2006). Furthermore, there may also be abundant sediment transported
over the bedrock act as tools and aid in abrasion and help erode the bedrock (e.g., Sklar and
Dietrich, 2001). Again, this does not need to happen as soon as rivers begin to incise the valley-
filling deposits. Any time during the reworking of the fill deposits the river channel can become
steep enough or have enough tools for erosion to favor sculpting bedrock and the formation of an
epigenetic gorge.
The process of sculpting and incising into bedrock during the formation of epigenetic
gorges may form strath terraces. In general, the erosion taking place on valley side walls in the
early stages of an epigenetic gorge (perhaps steered by landslide deposition or tributary debris
flow fans) illustrates one way in which valley-filling events can lead to the formation of strath
terraces, regardless of whether or not an epigenetic gorge results. Strath terraces can also form
within the gorge itself during incision, or during reworking and incision of fluvial sediments that
are upstream of the gorge or associated with widespread aggradation. The propensity for these
situations to form strath surfaces will be greater in rivers flowing over weak, soft rock than in
those flowing over hard, erosion resistant rocks (Montgomery, 2004).
All factors that affect bedrock river incision are potentially involved with epigenetic
gorge formation since the fundamental aspect of their formation is incising bedrock. Issues of
rock strength (lithology type, fractures, etc.), tools for abrasion, sediment cover, stream power
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are all elements to consider (Whipple and Tucker, 1999; Hancock et al., 1998; Sklar and
Dietrich, 2001). In terms of the role of rock strength, certain rock types may be weak enough so
that sculpting and incising bedrock is relatively easy, or so resistant to erosion that the only way
to initiate epigenetic gorge formation is to concentrate coarse deposits, limiting lateral mobility
and forming the steep, narrow channel necessary to erode harder rock. It follows that landslide-
related epigenetic gorges may emphasize the importance of coarse valley-filling sediments in
formation, potentially allowing gorges to incise regardless of rock strength; where as the
likelihood of epigenetic gorge formation following fluvial aggradation may be more a function
of the strength of the bedrock to be incised, as well as valley geometry. In the case of alluvial
fans (in particular debris flow fans), it may be the continuous deposition of course sediments that
influences the probability of their formation, rather than a single valley-filling event. In these
situations, the persistent, localized delivery of coarse sediment to one side of the trunk stream
may continually drive the river laterally toward the opposite side of the river valley, focusing
erosion against the side-walls of the former valley.
The case of epigenetic gorges forming in relation to river incision and re-organization
following fluvial aggradation is strongly dependent on the new course of the river as it incises
into fluvial sediments and the bedrock geometry of the former valley (much more so than
landslide examples). At some point when the river is entrenched within the fluvial deposits, it
reaches bedrock, which may or may not be the original bedrock valley floor. At that point the
river can keep incising into bedrock, or laterally erode the banks. In contrast with the landslide
and debris flow fan related examples, these fluvial aggradation examples typically do not have
significant amounts of coarse material to limit lateral mobility and facilitate epigenetic gorge
formation. The fact that epigenetic gorges form at all under these conditions suggests that
sculpting and incising bedrock must be easy, or at least that a river's ability to incise is not
limited by the strength of the rock. This second point suggests that rivers in which these kinds of
epigenetic gorges form are probably often essentially transport-limited, meaning incision into
bedrock is regulated by a river's ability to transport sediment, as opposed to detachment-limited,
where incision into bedrock is regulated by a river's ability to detach and abrade the bedrock
channel bed (Howard, 1994; Whipple and Tucker, 2002). Only in transport-limited rivers would
you expect channel incision to proceed in the same manner regardless of whether the channel
bottom consists of bedrock or sediments, leading to smooth transitions between reaches of
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channel incised bedrock (epigenetic gorges) and fluvial sediments. This interpretation likely
applies to both the field examples presented earlier in Utah's Henry Mountains and New
Zealand's Waihuka river basin.
BEDROCK RIVER INCISION AND LANDSCAPE EVOLUTION
The prevalence of epigenetic gorges in actively incising landscapes has important
implications for the rates and processes of bedrock river incision and for landscape evolution in
general. In this section, we discuss the significance of epigenetic gorges in terms of bedrock
strath terrace studies, short-term bedrock incision rates, the overall influence of large landslides
on river incision, and the long-term effect of epigenetic gorges on landscape evolution.
Bedrock strath terrace studies
River channels are the skeletal network of a landscape through which signals of base-
level fall and hydrological changes induced by tectonic activity or climate variability are
transmitted (Whipple, 2004). As recorders of bedrock river incision, therefore, fluvially-sculpted
bedrock surfaces and strath terraces adjacent to the active channel or up on bedrock valley walls
are commonly used to study the rates and patterns of landscape adjustment to such forcing (e.g.,
Merritts et al., 1994; Pazzaglia et al., 1998; Burbank and Anderson, 2001; Hancock and
Anderson, 2002). The age and height of abandoned strath terraces can provide necessary
constraints for determining incision history and incision rates (e.g., Burbank et al., 1996; Leland
et al., 1998; Hsieh and Knuepfer, 2002; Wegmann and Pazzaglia, 2002), and mapping the
longitudinal pattern of strath terraces can be used to reconstruct paleo-river profiles. The validity
of these interpretations, however, depends upon key assumptions regarding the formation and
abandonment of strath terraces and fluvially sculpted surfaces. These assumptions are: (1) the
surface dated has not been eroded, buried or otherwise modified in any significant way since
abandonment, (2) the surface dated was formed during the original incision of the valley such
that the age of abandonment and the height of the strath above the modem river bed records the
average rate of incision into bedrock over that time interval, and (3) this local bedrock incision is
directly related to overall lowering of the river bed. The greatest uncertainty in interpretation
arises where only small, isolated patches of strath terraces are preserved, as is common in areas
of rapid rock uplift and incision (e.g., Burbank et al., 1996; Pratt et al., 2002). However, even
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where regionally extensive strath terraces can be mapped and correlated with confidence (see
Merritts et al., 1994), the age of ultimate abandonment of the strath surfaces does not necessarily
correspond to a stage in the original incision of the valley; cut-and-fill cycles can complicate the
record of strath heights and ages. Epigenetic gorges are a key landform element that records
evidence of such complications and as such attention should be given to searching for them.
Epigenetic gorge incision by definition post-dates the original incision that cut the
subsequently filled valley. Strath terraces and sculpted bedrock walls that form in relation to
epigenetic gorges should not be used to infer long-term incision rates or to study landscape
adjustment induced by tectonic activity or climate variability. As a result, caution is advised
when interpreting rates and patterns of bedrock incision derived from strath terraces, especially
in fluvial landscapes that experience a high frequency of large landslides or those that have had
large cut-fill cycles related to fluvial aggradation such as has been documented in the Himalaya
and along the eastern margin of the Tibetan plateau (Burbank et al., 1996).
Another caution for bedrock strath terrace studies related to epigenetic gorge incision is
that localized rapid incision of epigenetic gorges will often be associated with short-lived, very
steep knickpoints or knickzones. Thus, analyses of the relation between bedrock incision rate
and channel gradient or stream power must recognize that the channel gradient may well have
been much greater (and possibly channel width less) during the times of rapid incision (Stock
and Montgomery, 1999; Finnegan et al., 2006). Conversely, if paleo-channel profiles are
sufficiently well preserved, or if a river is caught in the act of carving an epigenetic gorge (such
as the Sipia Falls example in Peru or the upper Ukak river in Alaska (Whipple et al., 2000)), they
can be exploited as excellent natural experiments in river incision into bedrock. The Ukak
example is an epigenetic gorge that formed during re-incision of Upper Ukak River valley
following a 1912 ash flow deposit that buried the prior valley. The rate of bedrock incision now
associated with the epigenetic gorge within the Ukak River is -10 cm/yr (Whipple et al., 2000),
greatly exceeding any plausible long-term bedrock incision rate in this landscape.
Short-term bedrock incision rates
Short-term bedrock river incision rates calculated from strath terraces related to
epigenetic gorges are likely to be higher than long-term trunk river exhumation/incision rates.
The Li Qui example discussed earlier is an excellent illustration of this situation. The sculpted
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bedrock surface we dated is a strath surface that was presumably cut during the initial phase of
epigenetic gorge formation. Within 3 km of this epigenetic gorge, long-term rates of landscape
exhumation and short-term rates of basin-wide erosion are well-constrained. An estimate of the
apparent long-term erosion rate is -0.34 ± 0.04 mm/yr, derived from an age-elevation transect of
(U-Th)/He ages in Apatites and Zircons (Ouimet et al., 2006a). This long-term erosion rate
applies to the period of time between 14 Ma and 1.2 Ma. This rate may have increased in the last
1.2 Ma in response to local uplift and exhumation, but only to a rate as high 1 mm/yr (Ouimet et
al., 2006a). The short-term erosion rate, which is derived from measurements of 10Be in quartz
river sand from two river basins (35 and 94 km2), averages to -0.33 mm/yr for the last 2,500
years (Ouimet et al., 2006b). The short-term bedrock river incision rate associated with incision
in the Li Qui River epigenetic gorge, as mentioned earlier, is >12.9 mm/yr, almost two orders of
magnitude higher than these short and long-term rates. Similarly, anomalously high rates of
bedrock river incision related to epigenetic gorges have been documented in Nepal, >13 mm/yr,
(Pratt et al., 2007) and in the Sierra Nevada, >25 cm/yr, (James, 2004), both of which are
significantly higher than long-term, background rates.
Strath terraces can form during reworking of fluvial sediments upstream of an epigenetic
gorge or landslide dam site, or anywhere within a stretch of river experiencing widespread
fluvial aggradation. High lateral mobility of a river relative to its incision allows it to move
easily across the valley, potentially cutting strath terraces along bedrock channel banks and/or
sculpting bedrock walls. A suite of strath terraces on the Dadu River 45 km north of Luding
illustrates the implications of such a scenario (Fig. 8). At this site we sampled two sculpted
bedrock surfaces adjacent to the channel to obtain a cosmogenic radionuclide ('0Be) exposure
age of the quartz in the bedrock. One of surfaces studied was 45 m above the present channel,
the other 17 m. Both surfaces were dated at 50 ka, within error of each other; this age yields
minimum incision rates of -0.9 mm/yr and 0.33 mm/yr, respectively. We interpret these strath
surfaces as recording a period of time when the Dadu River aggraded to a level _50 m above
modem river elevation. Then, as incision into the fill proceeded, these surfaces were sculpted
and the cosmogenic clock reset. The same age for both strath levels indicates that these surfaces
were generated at the same time, consistent with either rapid aggradation or rapid re-incision into
fill at the site. We acknowledge that other plausible, if less likely, explanations exist, such as an
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abrupt stripping event that removes an alluvial or colluvial cover that had previously shielded the
site.
A large river, in this case, the Dadu, could easily have rapidly incised unconsolidated
fluvial sediments and would have had abundant tools for sculpting bedrock surfaces quickly. In
a similar example, rapid fluvial aggradation and subsequent incision that reset the ages of
sculpted bedrock adjacent to a large channel has been documented on the Marsyandi River, in
central Nepal (Pratt et al., 2002). In our example, we found no evidence of fluvial sediment on
strath terraces, and no evidence of landslide dams, epigenetic gorges, or widespread fluvial
aggradation within 10 km upstream or downstream of this site. This emphasizes two points: (1)
in large, actively eroding and incising river gorges, sediments related to the valley-filling event
are easy to remove, and (2) the effects of landslides and epigenetic gorges may be felt far
upstream and downstream of the location of the valley-filling event. If we only dated one of the
two strath terrace surfaces on the Dadu, we would not have been able to tell that their formation
was related to fluvial aggradation, and would have mis-interpreted the bedrock river incision rate
calculated from the strath surface exposure age.
Landslides, epigenetic gorges and landscape evolution
Bedrock river incision can be intermittent on millennial timescales due to the effects of
landslide dams. Stable, gradually eroding landslide dams create mixed bedrock-alluvial channels
with spatial and temporal variations in incision, ultimately slowing long-term rates of river
incision and reducing the total amount of incision occurring over a given length of river (Ouimet
et al., 2007). Landslides influence river channels and lead to a reduction in the efficiency of
river incision by setting the percentage of channel length buried by landslide related debris. As a
result, the longer it takes a river channel to incise into a landslide dam and remove all landslide-
related deposits, the more influence landslides and landslide dams have on river incision. The
fact that landslide deposits may deflect rivers over bedrock ridges and lead to epigenetic gorges
enhances dam stability and adds to this influence.
Within models of bedrock river incision and landscape evolution, the influence of
epigenetic gorges strengthens the overall influence of landslides, but much more broadly,
epigenetic gorges increase the potential for any valley-filling event to influence landscape
evolution. Epigenetic gorges force rivers to incise more bedrock, slowing long-term incision. In
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addition, they act as bedrock spillways that regulate the base-level for upstream channels and the
adjustment of rivers to regional tectonic and climatic forcing. During their formation, all
epigenetic gorges are stable dams that have an associated wedge of sediment built behind them.
This wedge of sediment exists until the epigenetic gorge incises to a level lower than the bedrock
valley floor of the former valley. Along any given stretch of river where epigenetic gorges
occur, therefore, river incision efficiency is reduced for the period of time associated with cutting
the gorge.
The end result of all these effects on river channels is that epigenetic gorges cause
variable incision rates in space and time within river drainages, even if the landscape is in a long-
term steady state balance between rock uplift and erosion. Epigenetic gorges also have
important effects on valley geometry. They can directly drive lateral migration of channels
(which is missing in most landscape evolution models), cause new landslides by undermining
valley sides, drive valley widening, and, ultimately, can lead to lateral migration of drainage
divides.
CONCLUSIONS
Epigenetic gorges are a prevalent feature in rivers with valley-filling and re-incision
sequences. Valley-filling events that promote epigenetic gorges can be related to landslides
(landslide deposits and stable landslide dams), debris flows, alluvial fans, or widespread fluvial
aggradation. Re-incision results from shutting off the increased sediment flux or simply re-
working a localized deposit. Epigenetic gorges form when landslides or alluvial fans push rivers
against opposite valley walls and become entrenched into bedrock, or more generally after a
period of fluvial aggradation when a river incises into the fill and is superimposed on a bedrock
spur of the former bedrock valley.
Epigenetic gorges highlight the intermittent and episodic nature of bedrock incision in
actively incising rivers both spatially and temporally. They are related to autogenic processes
within actively incising rivers, indicating that isolated bedrock gorges and mixed bedrock-
alluvial channels are part of the regular process of long-term incision. Incision can be rapid, then
dormant, rapid then dormant. Epigenetic gorges also have important implications in the context
of bedrock river incision and landscape evolution. They are a process by which rivers widen
their bedrock valleys; they slow long-term river incision and transient adjustment as rivers often
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have to re-incise a certain percentage of their bedrock gorges, enhancing the landslide influence
in general. The rapid incision occurs in part because of the high amount of tools for incision
(fluvial sediments) that build up behind the dam and the high stream power associated with river
channels in these bedrock gorges.
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FIGURE CAPTIONS
Figure 1: Conceptual model for how large landslide deposits and landslide dams can lead to the
formation of epigenetic gorges. The particular example depicted shows an epigenetic gorge
forming as a river incises into valley landslide deposits and becomes entrenched into side-walls
of the former valley. Sequence: (a) initiation of a large landslide in an incised valley with
bedrock valley walls; (b) landslide deposits fill the valley, forming a landslide dam; (c) river
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starts to cut down through the landslide debris while eroding the bedrock channel walls; (d) river
establishes itself into bedrock, abandons the landslide debris, and continues to cut an epigenetic
gorge.
Figure 2: Landslide-induced epigenetic gorge located 1 km upstream of Danba along Dong Gu
He River (GPS: 30.8787 North, 101.8735 West). (a),(b) Paired photo and sketch of the
epigenetic gorge viewed from upstream. (c) Corona image of Danba region highlighting the large
landslide complex above the city. Star marks the epigenetic gorge location. Locations 1 and 2
indicate where photos (a) and (d) were taken, respectively. (d) Photo showing the landslide scarp
above Danba.
Figure 3: (a)-(d) Landslide-induced epigenetic gorge located -70 km west of Maerkang on the
Do Qu River (GPS: 31.7973 North, 101.5150 West). (a),(b) Paired photo and sketch of the
epigenetic gorge viewed from upstream. (c) Map sketch of the epigenetic gorge. Locations 1
and 2 indicate where photos (a) and (d) were taken, respectively. (d) Photo of the epigenetic
gorge from downstream. (e),(f) Paired photo and sketch of a landslide-induced epigenetic gorge
located on the Somang Qu River (a tributary of the Min River) -25 km NW of Lixian (GPS:
31.5205 North, 102.9198 West). This particular example has a waterfall, indicating that the
epigenetic gorge is actively incising its gorge.
Figure 4: Landslide-induced epigenetic gorge on the Li Qui River, south of Xinduqiao in
western Sichuan (GPS: 29.4211 North, 101.1978 West). (a),(b) Paired photo and sketch of the
epigenetic gorge viewed from downstream. (c) Photo of a sculpted bedrock surface 48 m above
the river near the top of the gorge. We dated this surface using cosmogenic radio nuclide ('OBe)
exposure age techniques. The surface age is 3,798 ± 298 years old. (d) Photo of the epigenetic
gorge viewed from upstream showing how we calculate a time-average minimum incision rate of
12.6 ± 0.9 mm/yr for the gorge.
Figure 5: Landslide-induced epigenetic gorge at Sipia Falls within the Cotahuasi River canyon
in southwest Peru (GPS: 15.2420 South, 72.9597 West). Locations A, B and C indicate where
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photos (A), (B) and (C) were taken, respectively. In photo (B), LS denotes landslides deposits,
and BR denotes bedrock.
Figure 6: Epigenetic gorges in Trail Canyon, southeast Utah (GPS: 37.8876 North, 110.5398
West). Epigenetic gorges here are the result of river incision and re-organization following
fluvial aggradation. (a) Map view of a 1.5 km stretch of Trail Canon showing where three strath
terraces have been cut by epigenetic gorges. (b),(c) Paired photo and sketch of the middle
epigenetic gorge viewed from upstream. (d) Schematic model for how fluvial aggradation in
Trail Canyon led to the formation of these epigenetic gorges. (e) Photo of new channel through
the gorge.
Figure 7: Waihuka River, North Island of New Zealand (GPS: 38.4449 South, 177.6240 East).
(a)-(c) Schematic showing how fluvial aggradation and the influence of a side tributary fan may
lead to the formation of an epigenetic gorge. (a) A pre-existing river valley bounded by bedrock
with strath terrace levels. (b) Fluvial aggradation fills the valley to level higher than the strath
terraces, with additional aggradation focused at a side tributary fan. This side tributary fan
pushes the active course of the river to the west. Note the paleovalley and channel (dashed)
shaded thinly in gray. (c) Incision into fill stays on the western side of the valley, eventually
cutting incision bedrock that bounded the former channel. Note the paleovalley and channel
(dashed) shaded thinly in gray. (d) River profile of the Waihuka River with mapped strath and
fill levels projected above the profile. The convexity in the middle of the modern profile is the
result of displacement between the pre- and post-aggradation Waihuka channels. The Waihuka
experienced an epigenetic gorge incision scenario similar to that depicted in the schematic.
Figure 8: Bedrock straths along the Dadu River, -45km north of Luding (GPS: 30.2966 North,
102.1729 West). We dated two sculpted surfaces adjacent to the channel at this site, one 45 m
above the present channel, the other 17 m. Both surfaces were dated at -50 ka, within error of
each other, yielding minimum incision rates of -0.9 mm/yr and 0.33 mm/yr, respectively. These
strath surfaces record rapid incision into fluvial sediment that had filled the Dadu River to a level
250 m above modem river elevation.
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ABSTRACT
We explore the rates and patterns of short-term (102-105 yr) erosion on the eastern margin
of the Tibetan Plateau. Concentrations of •Be in quartz extracted from river sand reveal erosion
rates for 65 river basins (average size 38 km2) ranging from -0.030 mm/yr to -3 mm/yr. Each
river basin sampled is representative of a unique subset of eastern margin topography carefully
selected to capture a wide range in hillslope angle, normalized river channel gradient, and relief.
Our data show a strong non-linear landscape scale relation between mean basin slope and short-
term erosion rate. Mean basin slopes reach maximum values (-32-350) and become insensitive
to further increases in the erosion rate above -0.25 mm/yr, thus marking a transition in dominant
hillslope erosion from slow, diffusional transport processes on soil-mantled hillslopes to mass
wasting. At erosion rates >0.25 mm/yr, channel steepness (and relief) is a more sensitive
indicator of erosion. Our data show a log-linear landscape scale relationship between normalized
river channel gradient and short-term erosion rate that is similar to the relationship between basin
relief and short-term erosion rate. As erosion rates increase, the rate of channel steepness
increase slows suggesting that incision becomes more efficient at high channel gradients. This
dataset provides the most comprehensive, direct quantification to date of these relationships in a
single landscape with relatively uniform tectonics, climate and lithology.
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INTRODUCTION
Steeper slopes and greater topographic relief have long been recognized to lead to higher
rates of erosion (Gilbert, 1877; Anhert, 1970; Montgomery and Brandon, 2002). However, our
ability to extract valuable information about the forces shaping the earth's surface directly from
topography is limited because our quantitative understanding of the functional relationships
between erosion and topography remains incomplete. As erosion rates increase, it is expected
that landslides become the dominant hillslope erosion process and that hillslope gradients reach
threshold values set by soil and/or rock strength and become insensitive to further increases in
erosion rate (Strahler, 1950; Schmidt and Montgomery, 1995; Burbank et al., 1996; Roering et
al., 2001; Montgomery and Brandon, 2002; Binnie et al., 2007). Quantifying erosion associated
with the shift from low to threshold slopes would therefore illustrate this transition in process
dominance. At high erosion rates where hillslope angles have reached threshold values, it has
been argued that normalized river channel gradients and local relief are more sensitive indicators
of erosion (Anhert, 1970; Summerfield and Hulton, 1994; Montgomery and Brandon, 2002;
Vance et al., 2003; Synder et al., 2003a; Safran et al., 2005, Wobus et al., 2006).
Few datasets have provided comprehensive, direct quantifications of these theoretical
relationships. In this paper, we present the results of a study aimed specifically at capturing the
full range of the relation between short-term erosion and topography in a single landscape with
relatively uniform tectonics, climate and lithology. Our approach is to work within a large-scale
transient landscape, the eastern margin of the Tibetan plateau, which is characterized by variable,
disequilibrium erosion and a wide range of topographic morphologies. Although specific to the
study site, our data constitute a crucial step toward developing fundamental landscape-scale
relationships between erosion and topography portable to landscapes around the world.
EASTERN MARGIN OF THE TIBETAN PLATEAU
The eastern margin of the Tibetan Plateau is one of the world's broadest and most
dramatic transient landscapes, characterized by a regionally persistent, elevated, low-relief relict
landscape that has been deeply dissected by major rivers and their tributaries (Clark et al., 2006).
Thermochronological data show that rates of rock cooling in the region increased dramatically
between 9 and 13 Ma, suggesting that uplift and river incision began at that time (Kirby et al.,
2002; Clark et al., 2005). Patches of relict landscape are preserved at high elevation, away from
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the river gorges, representing the pre-uplift/pre-incision topography that remains only because
fluvial dissection has not propagated through the entire landscape. Major rivers typically start at
high elevations over 4000 m where they are slightly incised into this relict landscape and
transition into rapidly incising, high-relief gorges with steep hillslopes where large landslides are
common (Ouimet et al., 2007).
Our work is focused within the drainage basins of Dadu, Yalong and Min Rivers, major
tributaries of the Yangtze River in Sichuan province, China (Figure 1). Bedrock geology
consists mainly of the Songpan-Ganze flysch, which is intruded by a series of Jurassic age
granitic plutons, and also includes deformed Paleozoic rocks and crystalline Precambrian
basement that outcrop in the southern portions of each drainage basin (Burchfiel et. al, 1995).
The eastern margin experiences a moderate subtropical monsoon in the summer months (New et
al., 2002). Annual precipitation varies from -300-600 mm/yr in the semi-arid, mountainous
regions up on the plateau, to -1000-1500 mm/yr in isolated areas adjacent to the Sichuan Basin
(New et al., 2002). Quaternary alpine glaciation has taken place throughout the region on
mountain peaks that lie above -4500 m (Owen et al., 2003).
COSMOGENIC AND TOPOGRAPHIC ANALYSIS
We quantify basin-averaged erosion rates using cosmogenic 10Be in quartz extracted from
river sand. This technique has been shown to yield reliable mean, short-term (102-105 yr) basin-
averaged erosion rates in many different tectonic and climatic settings (Granger et al., 1996;
Bierman and Steig, 1996; Riebe et al., 2000; Schaller et al., 2001; Vance et al., 2003; Matmon et
al., 2003; Bierman and Nichols, 2004; Wobus et al., 2005). 10Be accumulates at the earth's
surface (to a depth of -1 m) proportional to its local production rate and inversely proportional to
erosion rate. Sand collected at a stream outlet is considered a representative mixture of the sand
eroding from throughout a basin, mainly from the hillslopes since they occupy a high fraction of
the landscape. The time over which cosmogenic nuclides represent erosion rates is given by the
time taken to erode one secondary cosmic ray penetration length (about 60 cm in rock), and
ranges from 102-105 years.
We collected river sand from 65 basins within the Dadu, Yalong and Min Rivers
drainages (Figure 1; Table 1 in Chapter 4 Appendix). Sampled basins were typically less than
100 km2 (average size 38 km2) and each is a side-tributary to the large rivers or their tributaries.
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We did not sample the trunk rivers, and no sample basins are nested within others. Our sampling
strategy was to carefully select basins throughout the eastern margin covering a range of
topographic morphologies. In addition, certain criteria were followed to ensure confident
interpretation of measured 10Be concentrations as well-mixed, mean basin-wide erosion rates.
These criteria include sampling basins that: (i) drain a relatively uniform, quartz-rich bedrock
lithology (mainly granite or sandstone flysch); (ii) display minimal glacial modification; (iii)
have only small volumes of sediment stored beneath terraces and in colluvium; (iv) do not show
signs of large deep-seated bedrock landslides; (v) are large enough (>25 km2) to allow
appropriate mixing of shallow landslides (Niemi et al., 2005); (vi) have adjusted, smooth river
profiles without knickpoints or changes in profile concavity that might be suggestive of non-
uniform rates of erosion within individual basins; (vii) are small enough (<100-200 km2) to
ensure as much as possible uniform topographic and geologic characteristics and minimize
anthropogenic disturbance (farming, roads, mining, etc.); and (viii) do not exhibit evidence of
recent large-magnitude floods or debris flows that might deliver less well mixed sands to the
basin outlet.
Each basin sampled represents a unique subset of eastern margin topography, lying
within the context of the large-scale transient morphology of the region. We extract three
measures of topography for each basin: mean basin slope (a measure of hillslope steepness),
mean basin ks, (a measure of channel steepness, normalized by drainage area), and basin relief (a
measure of the elevation range within a basin) (see Chapter 4 Appendix for full methodology).
Sampled basins cover a wide range in mean elevation (1900-4500 m), mean basin slope (-3-
350), mean basin ksn (20-500 m0.9), and mean basin relief (500-3500 m). The span in the last 3 of
these metrics covers most of the known global dynamic range of these variables. Topographic
data for all basins are summarized in Table 1 of the Appendix to this chapter.
SHORT-TERM EROSION RATES
Erosion rates range from -0.030 mm/yr to -3 mm/yr, resulting in integrating timescales
from 27,000 to 200 years, respectively (Figure 1; Data: Table 1 in Chapter 4 Appendix). The
average erosion rate from all basins is 0.36 mm/yr, and most (59 of 65) are less than 0.6 mm/yr.
Erosion rates generally decrease moving upstream along the Dadu and Yalong Rivers and their
large tributaries. Erosion rates within the Min River drainage are consistent regardless of their
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distance upstream. The lowest erosion rates (< 0.10 mm/yr) occur at high elevations, associated
with patches of a perched, low-relief (relict) landscape; notably in the upper reaches of the Li
Qui tributary of the Yalong River and the upper reaches of tributaries that drain into the upper
Dadu River drainage.
Our data densely sample short-term erosion rates between 0.025 and 0.58 mm/yr, with
mean hillslope angles ranging from -3 to 350, mean basin kn from 20 to 440 m0 .9, and basin
relief from 600 to 3600 m. In addition, there are six erosion rates >1 mm/yr, which typically
occur only at the highest mean basin slope (>300), mean basin k,, (>300 mo0 9) and basin relief
values (>2300 m). These six erosion rate estimates are likely the least reliable given the greater
prospect for poorly mixed sediments (frequent landslides and debris flows), low 1oBe
concentrations, and because the short erosional timescale makes these results less likely to reflect
long-term averages. Three of these high rates occur in the vicinity of Gongga Shan (7556 m)
(GS on Figure 1), possibly associated with higher rates of exhumation and uplift responsible for
the peak elevations here that rise above the mean elevations of the plateau and relict landscape to
the north and west (typically 4000 to 5000 m) (Kirby et al., 2003; Clark et al., 2005). In
addition, this area experiences a high rate of precipitation, -~ 1000-1500 mm/yr, compared to 300-
600 mm/yr throughout the rest of the study area and is heavily glaciated at elevations greater
than 4300 m. The other three erosion rates >1 mm/yr are 2-3 times higher than rates in nearby
basins, suggesting that they may be outliers or simply indicating the natural variability of short-
term erosion expected at higher rates. One of these three is a more obvious outlier, with
significantly lower mean basin slope, mean basin k, and mean basin relief values compared to
others.
EROSION AND TOPOGRAPHY
As a measure of how rapidly hillslopes are eroding within a river basin, the 10Be basin-
wide erosion rate technique we use relates most directly to hillslope erosion processes and
morphology. Our data show a strong non-linear landscape scale relation between short-term
erosion rate and mean basin slope (Figure 2). Erosion rates increase rapidly with mean basin
slope from -5 to 250 and then, above ~0.1 mm/yr, increase more slowly, approaching a threshold
mean basin slope. The inclusion of a limiting slope (Sc) has been modeled to produce a non-
linear relationship between hillslope gradient and sediment flux (Roering et al., 2001). The
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curve we present in Figure 2 along with our data is derived from equilibrium expressions for
hillslope profiles modeled by non-linear hillslope diffusion for soil-mantled landscapes, where
the limiting slope represents the gradient where dominant hillslope erosion changes from slow,
diffusional transport processes to landslides and debris flows (Roering et al., 2001) (see Data
Repository for derivation). Though potential interdependencies of model parameters
(characteristic hillslope length (L), diffusivity coefficient (K), erosion rate (Co) and Sc) may
exist, along with complications due to applying expressions for an individual hillslope at the
scale of an entire drainage basin, this theoretical framework is the best way to integrate a
physically-based model of hillslope erosion with our data. For L = 100 m, our data are best
described by K = 0.008 m2/yr and Sc = 33.5'. Hillslope gradients reach maximum values (-32-
350) and become insensitive to further increases in erosion rates above -0.25 mm/yr. We
interpret this transition as marking the shift in hillslope erosion process dominance from soil-
mantled diffusion to mass wasting.
The erosion on hillslopes is ultimately controlled by rates of incision in river channels.
River channels set the lower boundary condition for eroding hillslopes, they transport all the
sediment supplied to them from upstream reaches and adjacent hillslopes, and they erode their
bed and incise at rates dictated by local base-level fall (or rock uplift). As erosion rates increase,
therefore, river channels must adjust to incise more rapidly and transport downstream a higher
volume of material derived from hillslope erosion, furthermore, this must continue after hillslope
angles have reached threshold values. One dominant way that river channels adjust over the long
term is through an increase in gradient (Whipple and Tucker, 1999). Our data exhibit a log-
linear landscape-scale relation between mean basin ksn and short-term erosion rate (Figure 3a)
over two orders of magnitude. Linear, power-law, and semi-log linear relations fit the data
equally well at low erosion rates (<0.2 mm/yr), but a log-linear relation best captures all the data.
The relation between channel steepness and erosion rate is clearly non-linear, particularly above
0.3-0.4 mm/yr. Indeed, above -0.5 mm/yr the data suggests a limiting threshold ks value of
400-500 m0 .9 (see Figure 3a and Chapter 4 Appendix Figure 2). Non-linear behavior between
erosion and channel steepness can arise for a number of reasons. A well-studied example results
from the combined effects of a critical threshold of motion and detachment and the probability
distribution of flood magnitudes and durations (Snyder et al., 2003b; Tucker, 2004). These
studies suggest that the rate of channel steepness increase slows because incision becomes more
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efficient at steeper channel gradients since floods, more frequently and for longer durations,
exceed the shear stress thresholds necessary for incision.
The relationship between mean basin ks, and short-term erosion rate exhibits significant
variability, especially at faster erosion rates and higher values of channel steepness. This spread
in our data speaks to the inherent variability of erosion associated with faster erosion and the
stochastic nature of landslide erosion (Niemi et al., 2005), the short erosional timescale, and to
the dynamic variability of river channels in response to increased erosion and incision. Increased
channel gradient is not the only expected response to faster rates of base-level fall. Adjustments
in channel width, bed state (percent rock exposure, bed material size), hydraulic roughness
and/or dominant incision processes may also be anticipated (e.g., Whipple and Tucker, 1999;
Sklar and Dietrich, 2001). Unfortunately only sparse data exist to characterize changes in
channel morphology and bed-state as a function of erosion rate. Moreover, these properties are
also closely tied to climatic conditions (e.g. probability distribution of flood discharges) and
lithology (e.g. rock/soil strength). Although our data are from a relatively uniform climatic,
tectonic, and lithologic setting, the variability our data exhibits may reflect small variations in
these parameters.
Several studies have argued that local relief is the variable best correlated with erosion
rates, especially where hillslope angles have reached threshold values (Anhert, 1970;
Summerfield and Hulton, 1994; Montgomery and Brandon, 2002; Vance et al., 2003). However,
working definitions of "local relief' vary and relief is a strongly scale-dependent metric. Over
large areas (50 - 100 km2) relief is essentially a measure of relief on the local channel network
and thus is directly correlated to the normalized channel steepness index (Whipple et al., 2005), a
scale-independent metric. As expected, our data show a log-linear landscape scale relationship
between basin relief and short-term erosion rate that is similar to the relationship between
normalized river channel gradient and short-term erosion rate (Figure 3b). We favor a functional
relationship involving channel characteristics rather than relief because of the length-scale
dependence of relief and because channel steepness provides a more direct link to erosion
processes, their controlling variables, and their rates.
CONCLUSIONS
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The functional relationships between erosion and topography that we address in this
paper are among hillslope angles, normalized river channel gradients, relief, and short-term
erosion rate. Our dataset is the most comprehensive, direct quantification to date of these
relationships in a single landscape with relatively uniform tectonics, climate and lithology.
Short-term erosion on the eastern margin of the Tibetan Plateau ranges from -0.030 mm/yr to -3
mm/yr, and is associated with local topography that varies significantly in terms of both hillslope
and river channel steepness. Mean basin slopes reach maximum values (~32-35o) and become
insensitive to further increases in the erosion rate above -0.25 mm/yr, thus marking a transition
in dominant hillslope erosion processes from soil-mantled diffusion to mass wasting. At high
erosion rates >0.25 mm/yr, channel steepness (and basin relief) is a more sensitive indicator of
erosion. However, channels can adjust to higher erosion rates in many more ways than
steepening such that significant natural variability in channel gradient is expected for any given
erosion rate. In addition, significant scatter is expected in cosmogenically-derived catchment-
average erosion rate estimates, particularly when rates exceed -~ 1 mm/yr. The relation between
channel steepness index and erosion rate is non-linear, suggesting that incision becomes more
efficient on higher channel gradients. Our data suggest, but do not conclusively show, a limit or
threshold to channel steepness in this landscape (k,, maximum -400-500 m0 9).
The shape and magnitude of the functional relationships between erosion rate and
topography will likely be unique for different landscapes, but we expect the patterns to be robust.
Regardless of the magnitude and details of the trends, our data show that specific combinations
of mean basin slope and mean basin ks, can be used to extract valuable information about both
the processes and rates of short-term erosion (Chapter 4 Appendix Figure 3). Such information
is fundamental to understanding the evolution of mountainous landscapes, potential feedbacks
among erosion, tectonics and climate, and the controls on the delivery of clastic sediments to
both terrestrial and marine depositional basins.
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FIGURE CAPTIONS
Figure 1: Map showing sampled basins, short-term erosion rates and the geography of the
eastern margin of the Tibetan Plateau. White polygons outline the extent of each sampled basin,
indicating the area over which short-term erosion rates apply. Erosion rates are in mm/yr.
Underlying topography is from USGS GTOPO30; white elevations are typically higher than
4500m. GS denotes the location of Gongga Shan (7556m).
Figure 2: Plot of mean basin slope (degrees) versus short-term erosion rate (mm/yr). Main plot
focuses on erosion rates < 0.6 mm/yr (59 of 65 rates); inset shows all data points (65 basins).
Black bold line derived non-linear, slope-dependent hillslope evolution (6), K = 0.008 m2/yr and
Sc = 33.50 (see Chapter 4 Appendix for full discussion of this curve).
Figure 3: Log-linear plots of mean basin k,, (normalized channel steepness) versus short-term
erosion rate (mm/yr) and basin relief (Rf) versus short-term erosion rate (mm/yr) for all 65
basins. Black bold lines depict the following equations: E = 25e0.009*ksn (R2 = 0.65) and E =
30e0.001 *R (R2 = 0.63). The relationship between ks, and Rf (not shown) is strongly linear: Rf=
8ksn + 54 (R2 = 0.83).
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METHODS
Cosmogenic analysis
Measured 10Be concentrations are interpreted with production rates appropriately scaled
for the altitude, latitude and local topography specific to each basin. Error bars on erosion rates
represent analytical errors, unless noted as described below. We typically measure 10Be
concentration in 0.25 - 0.5 mm river sand collected at basin outlets. A subset of basins (20 of
65) did not have a sufficient yield of quartz in the 0.25 - 0.5 mm sand fraction. For these basins,
we sampled and measured 10Be concentration in 100-200 vein-quartz pebbles (0.5 - 1 cm in
size), collected in addition to river sand. The bedrock lithology of these basins (sandstone
flysch) contains a large amount of fine grain (<0.1 mm) quartz grains, but <1% quartz in 0.25 -
0.5 mm fraction. For two basins, wbo0610 and wbo0624, we measured 10Be concentrations from
both quartz pebbles and 0.25 - 0.5 mm sand. The erosion rate from quartz pebbles in each case
is -30% higher than that from the sand. Therefore, for erosion rates that come only from quartz
pebbles, we add 30% error bars. Similarly, studies have shown that erosion rates derived from
coarser distributions of river sediment display similar mean values, but increased variability
(Bierman et al., 2001; Safran, 2005).
Topographic analysis
Topographic data for all basins is summarized in Table DR 1. For each basin, we extract
a basin of elevations from a digital elevation model (DEM) with 90 meter resolution; a subset of
basins also have DEM data with 30 meter resolution. Data sources: (i) Shuttle Radar Terrain
Model (SRTM), -90-m resolution; (ii) a second dataset, -90-m resolution (see Fielding et al.
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Fielding et al. (1994) DEM for all topographic analysis except slope calculation. Some basins
contain a large percentage of missing SRTM data values; for these basins we use the Fielding et
al. (1994) DEM to calculate slopes.
Mean basin slope
Hillslope gradient is calculated pixel by pixel using the DEM for each basin and then
averaged over for all pixels within a basin. Hillslope gradient is defined as the maximum slope
of a plane fit to 3 x 3 moving windows of pixels. A comparison of different resolution DEMs
reveals that higher resolution DEMs (i.e., 30 m) typically have higher mean basin slope values,
up to -2-30, than lower resolution DEMs (i.e., 90 m) (Table DR2). Error bars on mean basin
slope are therefore fixed at +/-2.25 degrees, representing the average spread between mean basin
slope values calculated from different DEM sources. In terms of the non-linear relationship
between mean basin slope and short-term erosion rate, higher-resolution DEMs reveals a similar
non-linear relationship, but the data is better fit with a higher threshold slope, reflecting how
coarse, low resolution DEMs typically smooth topography and produce lower slope values
(Figure DR1).
Mean basin kns
We use the DEM of each basin to extract longitudinal profiles of all river channels.
Fluvial longitudinal profiles typically exhibit a scaling known as Flint's law where channel slope
(S) and drainage area (A) are related through a power-law relationship:
S = ksA -9  (1)
ks is typically referred to as the steepness index and 0concavity. Using a reference concavity to
normalize by drainage area, we derive a normalized channel steepness, ksn, such that channels
with higher ksn have steeper channel slopes at all drainage areas (Wobus et al., 2006). To
calculate a mean basin ksn for each basin, we analyze all channels with A >1 km2 and average all
ksn values calculated over 1 km length river segments. Error bars for each mean basin ks,
typically <25%, are based on the distribution of 1 km ksn values. Smaller basins have fewer 1 km
ksn segments to analyze. The units of ksn (m0.9) arise from dimensional analysis of equation 1 and
are set by the reference concavity (Wobus et al., 2006).
Basin relief
Basin relief is defined as the difference between the minimum and maximum elevation
within a basin. Previous authors have used a moving circular window of diameter 10 km to
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calculate local relief for each pixel and then averaged all values within a basin to determine mean
basin relief (Montgomery and Brandon, 2002; Vance et al., 2003). We use the simpler method
(basin relief) because most of our basins (59 of 65) have areas less than 78.5 km2, the area of a
moving circular window of diameter 10 km, and because the moving window method potentially
biases relief calculation by including elevation values outside the basin of interest. The
magnitude of relief values calculated with various methods are different, but worth noting is that
they yield approximately the same trend and pattern as show in Figure 3b.
SUPPLEMENTARY DISCUSSION
Mean basin slope and short-term erosion
The curve we present in Figure 2 along with our data is derived from a non-linear
relationship describing sediment flux (qs) as a function of gradient (S), a limiting gradient (Sc)
and a diffusivity coefficient (K) (Roering et al., 2001).
-KS
qs =  (2)
1-(S/Sc) 2
A 1-D version of this equation can be combined with the continuity equation, and then, using an
equilibrium assumption (dz/dt = 0), integrated twice with respect to x to obtain an equilibrium
expression for hillslope profiles.
-SC2 [ 2 2/ )2 InrK2 +(2ix/SC)2 +K (3)z= K+2 -i/Sn2kSc(3)2 [ 2P/Sc
f/ = (Pr /Ps) Co, where Pr and Ps are the bulk densities of rock and sediment, and Co is the
channel incision/erosion rate. For more details of this analysis, see (Roering et al., 2001). Mean
slope over a characteristic hillslope length L follows from this equation as:
- z(0)- z(L)S L (4)L
Combining (3) and (4), we derive an expression for mean slope on an individual, equilibrium
hillslope profile as a function of L, K, Sc and Co. For a given L, K, Sc, this leads to a direct
relationship between mean slope and Co, which is what we plot in Figure 2. This theoretical
framework is the best way to integrate a physically-based model of hillslope erosion with our
data. Potential interdependencies between model parameters (L, K, Co, and Sc) may exist, as
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well as complications due to applying expressions for an individual hillslope at the scale of an
entire drainage basin, but these are yet to be resolved.
Montgomery and Brandon (2002) also presented a simplified version of equation 1 to
discuss a non-linear, threshold relationship between relief and erosion rate. Our approach,
though admittedly more complex, has the advantage that physical characteristics of real
hillslopes (L, K, Co, and Sc) can be directly linked with measured short-term erosion rates.
Mean basin k,, and short-term erosion
For direct comparison with the relationship between mean basin slope and short-term
erosion (Figure 2), we present a linear-linear plot between mean basin ksn and short-term erosion
in Figure DR2. The bold line presented is the same log-linear relationship that appears in Figure
2. We also plot a linear relationship (that fits the data well at erosion rates <0.2 mm/yr) to show
that as erosion rates increase, particularly above 0.3-0.4 mm/yr, the rate of channel steepness
increase slows and approaches a limit, indicating non-linear behavior. A log-linear relation is
necessary to fit all the data, particularly the highest erosion rates.
Mean basin ks, and mean basin slope
The end result of our analysis of the relationship between erosion and topography on the
eastern margin is that specific combinations of mean basin slope and mean basin ksn imply
distinct rates of short-term erosion (Figure DR3). Thus, in the absence of erosion rate data, a
detailed analysis of topography allows us to extract valuable information about both the rates of
short-term erosion and the erosional processes that dominate. The details of our results are
admittedly only directly applicable to the eastern margin of the Tibetan Plateau, in terms of its
tectonic, climatic and lithologic setting. However, this dataset is crucial toward developing
fundamental landscape-scale relationships between erosion and topography applicable to
landscapes around the world. The shape and magnitude of values in Figure DR3 may likely be
unique for different landscapes, but we expect the pattern to be robust. The relative difference
between combinations of mean basin slope and mean basin ks, will always imply differences in
short-term erosion.
120
Chapter 4 - Short-term Erosion Rates (APPENDIX)
REFERENCES
Bierman, P. R., E. M. Clapp, Nichols, K.K., Gillespie, A., and Caffee, M. (2001). Using
cosmogenic nuclide measurements in sediments to understand background rates of erosion and
sediment transport, Landscape Erosion and Evolution Modelling. R. S. Harmon and W. M.
Doe. New York, Kluwer: 89-11
Fielding et al., 1994. E.J. Fielding, B.L. Isacks, M. Barazangi and C.C. Duncan, How flat is
Tibet?. Geology 22 (1994), pp. 163-167.
Montgomery, D.R., and Brandon, M.T., 2002, Topographic controls on erosion rates in
tectonically active mountain ranges: Earth and Planetary Science Letters, v. 201, p. 481-489.
Roering, J.J., Kirchner, J.W., and Dietrich, W.E., 2001, Hillslope evolution by nonlinear, slope-
dependent transport: Steady state morphology and equilibrium adjustment timescales: Journal
of Geophysical Research, v. 106, p. 16499-16513.
Safran, E.B., Bierman, P.R., Aalto, R., Dunne, T., Whipple, K., and Caffee, M., 2005, Erosion
rates driven by channel network incision in the Bolivian Andes: Earth Surface Processes and
Landforms, v. 30, p. 1007-1024.
Vance, D., Bickle, M., Ivy-Ochs, S. and Kubik, P.W., 2003, Erosion and exhumation in the
Himalaya from cosmogenic isotope inventories in river sediments, Earth Planet. Sci. Lett., 206,
273-288.
Wobus, C.W., Whipple, K.W., Kirby, E., Snyder, N.P., Johnson, J., Spyropolou, K., Crosby,
B.T., and Sheehan, D., in press, Tectonics from topography: Proceedures, promise, and pitfalls,
in Willett, S.D., Hovius, N., Brandon, M.T., and Fisher, D., eds., Tectonics, Climate, and
Landscape Evolution: Geological Society of America Special Paper 398: Boulder, CO,
Geological Society of America, p. 55-74.
TABLE AND FIGURE CAPTIONS
Appendix Table 1: Summary of erosion rates and topographic characteristics for all basins.
Appendix Table 2: Table comparing mean basin slope values calculated from different
resolution DEMs.
Appendix Figure 1: Plot of mean basin slope (degrees) versus short-term erosion rate (mm/yr)
for 25 of 65 basins where we have analyzed two different DEM resolutions: 90-m SRTM and 30-
m ASTER DEM. These are the only basins for which there is good ASTER coverage. Bold
lines derived from Roering et al. (2001) show a non-linear, slope-dependent hillslope evolution
relationship, K = 0.008 m2/yr and Sc = 33.50 (light gray); Sc = 350 (black). ASTER DEM mean
basin slope values are on average 1.5 degrees higher than mean basin slopes from SRTM data
(See Table S2).
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Appendix Figure 2: Close-up plot of mean basin ksn (normalized channel steepness) versus
short-term erosion rate (mm/yr). Main plot focuses on erosion rates < 0.6 mm/yr (59 of 65
rates); inset shows all data points (65 basins). Curving black bold line in both plots is a log-
linear relationship with equation: E = 25e0.009 kn. The straight bold line within the inset plot is a
linear relationship.
Appendix Figure 3: Summary figure plotting binned values of mean basin slope and mean basin
kn with mean short-term erosion rates for those data points indicated. Number of data points
indicated within box; error bars are lsigma. Erosion rates are in mm/yr. Inset shows a plot of all
the data, mean basin slope (degrees) versus mean basin kn (normalized channel steepness) for all
65 basins.
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Table I -- Basin characteristics and cosmogenic erosion rate data
Drainage Elevation Mean basin Mean Basin relief Mass of [1OBe] (103 Erosion rate
Sample Catchment area (km2) range (m)l slope (deg)b basin ks, (m)Y quartz (g) atoms g-') (mm yr'l)d
wbo302 Yalong (Li Qui) 37.1 3816 - 4316 5.74 59 + 12 500 47.08 1087.6 + 19.4 0.036 ± 0.002
wbo305 Yalong (Li Qui) 20.2 4207 - 4403 3.88 16 + 2 196 50.33 1805.0 ± 48.9 0.024+ 0.002
wbo316 Yalong (Li Qui) 33.2 3152 - 5150 24.98 295 _ 42 1998 45.56 196.0 + 8.5 0.248 + 0.023
wbo424 Min 16.0 1999 - 4002 31.84 232 + 15 2003 44.86 66.5 ± 3.4 0.323 + 0.033
wbo439 Yalong (Li Qui) 94.8 2894 - 5443 25.72 328 _ 66 2549 37.11 124.2 + 5.4 0.397 + 0.037
wbo444 Dadu 22.9 1000 - 2806 27.75 237 + 22 1806 44.32 42.4 + 4.9 0.243 + 0.040
wbo445 Dadu 9.2 1173 - 2778 29.80 202 + 15 1605 42.26 19.5 + 1.7 0.573 + 0.079
wbo448 Dadu 93.9 1685 - 5918 31.29 346 + 42 4233 40.13 65.8 + 2.4 0.455 + 0.039
wbo450 Dadu 28.8 1740 - 4695 32.39 394 + 28 2955 60.64 84.4 + 3.7 0.326 + 0.031
wbo501 Min 14.0 1623 - 4184 35.27 325 + 10 2561 40.44 89.6 ± 3.6 0.241 + 0.022
wbo502 Min 26.2 3178 - 4987 25.44 223 _ 14 1809 39.22 202.3 + 5.8 0.216 + 0.017
wbo505 Dadu 18.9 2765 - 4410 27.63 252 + 14 1645 24.96 189.3 t 10.0 0.191 + 0.020
wbo506 Dadu 40.8 3397 - 4891 25.10 171 + 10 1494 33.85 274.3 ± 6.5 0.170 + 0.013
wbo508 Dadu 84.9 3277 - 4623 18.68 151 + 35 1346 46.53 968.4 + 16.1 0.044 + 0.003
wbo510 Dadu 174.8 3634 - 4444 12.34 56 ± 9 810 40.08 1024.5 + 33.4 0.037+ 0.003
wbo511 Dadu 8.8 3525 - 4671 24.25 188 + 7 1146 35.02 472.8 + 9.5 0.097 ± 0.007
wbo512 Dadu 10.7 3259 - 4548 25.43 197 ± 13 1289 19.23 370.2 + 8.3 0.111 ± 0.008
wbo513 Dadu 23.6 3004 - 4781 26.56 323 ± 29 1777 17.79 267.9 + 8.8 0.168 ± 0.014
wbo514 Dadu 23.4 2480 - 4495 27.95 271 + 16 2015 42.40 211.5 + 5.3 0.164 + 0.012
wbo515 Dadu 14.1 2278 - 4164 26.95 230 + 15 1886 44.12 170.9 + 4.5 0.156 + 0.012
wbo518 Dadu 21.1 2461 - 4636 31.18 298 1 21 2175 26.13 127.3 ± 5.0 0.256 _ 0.023
wbo519 Dadu 8.8 2497 - 4218 31.36 190 + 47 1721 26.74 178.0 + 6.6 0.154 + 0.013
wbo521 Dadu 28.1 3478 - 4945 22.41 149 ± 16 1467 31.08 142.2 + 8.1 0.301 + 0.032
wbo522 Dadu 14.3 2718 - 4881 32.03 353 + 62 2163 23.90 78.3 + 5.2 0.489 + 0.057
wbo523 Dadu 50.2 1903 - 5268 30.53 392 + 48 3365 32.57 27.9 ± 1.8 1.125 ± 0.127
wbo524 Dadu 33.8 1850 - 5026 29.51 318 ± 28 3176 46.66 45.8 + 1.8 0.549 ± 0.049
wbo529 Dadu 7.9 2408 - 4764 31.58 392 + 21 2356 41.61 57.7 + 3.7 0.582 + 0.066
wbo530 Dadu 14.1 2057 - 5614 35.10 429 + 48 3557 44.91 74.3 ± 3.6 0.487 + 0.048
wbo536 Yalong 78.9 2745 - 4662 27.62 207 + 17 1917 27.35 346.0 + 14.1 0.098 + 0.009
wbo538 Yalong 43.8 3192 - 4616 26.03 199 ± 17 1424 35.13 412.2 ± 11.2 0.095 ± 0.007
wbo544 Yalong (Li Qui) 62.8 3455 - 4606 20.98 90 + 13 1151 25.08 808.6 + 20.3 0.046 ± 0.003
wbo545 Yalong (Li Qui) 16.1 3745 - 4200 14.93 32 ± 4 455 11.98 1581.8 + 46.3 0.023+ 0.002
wbo549 Dadu (Gonga) 72.0 1656 - 6865 28.16 481 + 96 5209 41.36 16.3 + 1.2 3.171 + 0.388
wbo550 Dadu (Gonga) 28.0 1340 - 4159 31.55 332 + 46 2819 31.86 14.3 + 1.7 1.177 + 0.199
wbo551 Dadu 75.7 960 - 4571 27.26 275 ± 26 3611 29.78 96.5 +- 8.6 0.163 + 0.023
wbo604 Min 98.39 2015 - 4646 30.45 284 + 34 2631 48.05 98.8 + 4.2 0.286 + 0.026
wbo605 Min 11.39 2549 - 4142 28.18 190 + 10 1593 55.15 112.3 + 3.6 0.285 + 0.086
wbo607 Dadu 16.54 3600 - 4438 20.34 96 _ 8 838 51.36 203.0 + 6.0 0.203 + 0.061
wbo609 Dadu 41.99 3493 - 4676 22.98 157 ± 17 1183 54.84 272.0 ± 6.1 0.170 ± 0.051
wbo6l0s Dadu 47.02 3594 - 4582 22.09 103 2 9 988 47.00 455.9 + 15.0 0.099 + 0.030
wbo610q Dadu 47.02 3594 - 4582 22.09 103 ± 9 988 56.13 359.6 + 12.2 0.125 + 0.010
Avg: 0.112 + 0.093
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Drainage Elevation Mean basin Mean Basin relief Mass of [1oBe] (103 Erosion rate
Sample Catchment area (km2) range (m) slope (deg)b basin ks, (m)y quartz (g) atoms g-') (mm yrel)de
wbo614 Dadu 15.61 3307 - 4431 23.09 172 + 15 1124 56.79 314.8 ± 10.0 0.129 + 0.039
wbo616 Dadu 78.03 3367 - 4387 18.31 99 + 10 1020 56.32 228.1 + 9.1 0.164 + 0.049
wbo617 Dadu 29.42 3507 - 4453 19.11 80 + 7 946 54.54 548.0 + 14.6 0.072 + 0.022
wbo618 Yalong 44.22 3230 - 4562 24.80 164 + 13 1332 52.72 358.3 _+ 12.4 0.109 _+ 0.033
wbo619 Yalong 57.79 3034 - 4849 23.69 190 _ 18 1815 54.72 174.9 + 6.2 0.227 + 0.068
wbo621 Yalong (Li Qui) 60.77 3993 - 4510 7.11 68 + 15 517 57.29 914.2 + 29.6 0.048 + 0.014
wbo622 Yalong (Li Qui) 3.39 4061 - 4370 9.04 54 + 0 309 57.42 633.6 ± 13.2 0.068 + 0.020
wbo623 Yalong (Li Qui) 12.41 3511 - 4148 20.85 65 + 6 637 57.84 763.7 + 15.5 0.044 + 0.013
wbo624s Yalong 53.70 2573 - 4762 27.43 255 + 49 2189 33.75 318.5 + 11.0 0.108 ± 0.032
wbo624q Yalong 53.70 2573 - 4762 27.43 255 + 49 2189 59.65 232.6 _ 6.7 0.148 ± 0.012
Avg: 0.128 + 0.010
wbo625 Yalong 4.82 3822 - 4596 22.36 120 + 6 774 54.93 366.0 _+ 12.9 0.119 + 0.036
wbo626 Yalong (Li Qui) 4.63 4253 - 4559 9.43 21 + 2 306 55.83 900.6 + 19.7 0.051 + 0.015
wbo633 Dadu (Gonga) 6.27 2852 - 5815 30.96 357 + 18 2963 54.58 16.7 + 1.1 3.036 + 0.358
wbo637 Anning 7.77 2178 - 3383 21.20 144 + 11 1205 56.61 11.5 ± 1.1 1.447 + 0.211
wbo638 Yalong 24.59 1589 - 4077 32.87 408 + 49 2488 47.71 52.6 ± 2.2 0.397 + 0.036
wbo639 Yalong 47.32 1540 - 4550 30.13 302 + 33 3010 57.86 18.4 + 1.2 1.210 + 0.138
wbo641 Yalong 33.07 1983 - 4824 28.92 335 + 35 2841 41.90 94.6 + 4.3 0.301 + 0.029
wbo642 Yalong 63.69 2875 - 4710 25.57 232 + 42 1835 54.94 100.2 + 3.6 0.384 + 0.115
wbo643 Yalong (Li Qui) 26.98 3379 - 4997 27.21 223 + 20 1618 59.04 204.8 + 7.2 0.225 + 0.067
wbo644 Yalong (Li Qui) 18.09 3407 - 4690 23.29 200 + 23 1283 54.94 756.3 + 22.1 0.056 + 0.017
wbo645 Yalong (Li Qui) 47.67 3597 - 4565 14.61 121 + 16 968 47.76 1418.7 + 24.5 0.029 + 0.009
wbo647 Dadu 13.90 1284 - 3583 33.86 283 + 14 2299 54.01 31.2 + 1.6 0.477 + 0.049
wbo651 Dadu 32.60 2221 - 4420 27.56 269 + 20 2199 48.95 267.6 + 7.5 0.116 + 0.009
wbo653 Dadu 62.57 2046 - 5094 28.18 367 + 39 3048 54.10 99.1 + 4.8 0.364 + 0.036
Errors are t 1 a
a Based on a 90-m resolution DEM (Fielding et al., 1994).
b Slopes calculated from 3x3 moving window over 90-m resolution DEM (SRTM, bold italics are Fielding et al., 1994 DEM)
c Basin relief calculated as the difference between the minimum and maximum elevation within a basin (Fielding et al., 1994 DEM)
d Altitude/Latitude production rate correction calculated pixel by pixel using 90-m resolution DEM (Fielding et al., 1994 DEM)
e Bold italic error bars are fixed at 30%, for erosion rates which come only from quartz pebbles.
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Table 2 - Comparison of Mean Basin Slope Values
Drainage Mean basin Mean basin Mean basin ASTER/I ASTER/ SRTM/ Erosion rateSample Catchment slope SRTM slope 90-m slope ASTER SRTM 90m #2 90m #2 (mm yr
area (km2) 90-m res. res. #2 30-m res. Diff. Diff. Diff.
wbo302
wbo305
wbo424
wbo444
wbo445
wbo501
wbo505
wbo514
wbo515
wbo519
wbo522
wbo523
wbo524
wbo536
wbo544
wbo551
wbo604
wbo607
wbo609
wbo610s
wbo612
wbo614
wbo618
wbo637
wbo647
wbo651
wbo653
Yalong (Li Qui)
Yalong (Li Qui)
Min
Dadu
Dadu
Min
Dadu
Dadu
Dadu
Dadu
Dadu
Dadu
Dadu
Yalong
Yalong (Li Qui)
Dadu
Min
Dadu
Dadu
Dadu
Dadu
Dadu
Yalong
Anning
Dadu
Dadu
Dadu
37.1
20.2
16.0
22.9
9.2
14.0
18.9
23.4
14.1
8.8
14.3
50.2
33.8
78.9
62.8
75.7
98.39
16.54
41.99
47.02
38.74
15.61
44.22
7.77
13.90
32.60
62.57
5.74
3.88
31.84
27.75
29.80
33.41
27.63
27.95
26.95
31.36
32.03
30.53
29.82
27.62
20.98
27.26
30.45
20.34
22.98
22.09
16.06
23.09
24.80
21.20
33.86
27.56
28.18
5.91
3.88
28.29
24.08
28.37
35.27
27.40
24.00
24.00
28.86
29.51
31.58
29.51
27.48
18.80
27.82
30.30
19.35
25.05
23.22
18.16
22.08
23.13
19.84
29.48
25.77
28.38
9.06
8.46
33.4
30.3
32.6
36.0
29.0
27.9
28.7
31.8
32.2
32.6
34.7
23.47
21.59
28.9
30.4
21.7
23.9
21.7
17.0
24.5
25.7
22.8
36.1
29.1
29.4
3.32
4.58
1.52
2.56
2.77
2.58
1.38
0.07
1.77
0.43
0.14
2.11
4.93
4.15
0.61
1.62
0.02
1.39
0.96
0.44
0.93
1.37
0.87
1.58
2.22
1.50
1.18
3.15
4.58
5.07
6.23
4.20
0.72
1.61
3.88
4.72
2.93
2.66
1.06
5.24
4.01
2.79
1.06
0.13
2.38
1.11
1.57
1.17
2.38
2.54
2.94
6.60
3.29
0.98
0.18
0.01
3.54
3.67
1.43
1.87
0.23
3.96
2.95
2.50
2.52
1.05
0.31
0.14
2.18
0.56
0.14
0.99
2.08
1.14
2.10
1.00
1.66
1.36
4.38
1.80
0.20
0.036 +
0.024 +
0.323 +
0.243 +
0.573 +
0.241 +
0.191 +
0.164 ±
0.156 +
0.154 +
0.489 +
1.125 +
0.549 +
0.098 +
0.046 +
0.163 +
0.286 +
0.203 +
0.170 +
0.112 +
0.061 +
0.129 +
0.109 +
1.447 +
0.477 +
0.116 4
0.364 +
0.002
0.002
0.033
0.040
0.079
0.022
0.020
0.012
0.012
0.013
0.057
0.127
0.049
0.009
0.003
0.023
0.026
0.061
0.051
0.030
0.018
0.039
0.033
0.211
0.049
0.009
0.036
Average Difference: 1.74 2.93 1.637
* Average difference is 1.85 if all 65 basins are analyzed (just 27 basin have ASTER)
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ABSTRACT
(U-Th)/He analyses from three elevation transects collected within river gorges that
dissect the eastern margin of the Tibetan Plateau provide new constraints on the onset and rates
of plateau uplift recorded by river incision. Apatite He data from the easternmost transect (Dadu
River), -120 km from the plateau margin adjacent to the Sichuan Basin, indicate that rapid river
incision of -0.33 +/- 0.04 mm/yr began at -10 Ma and has continued to the present. Apatite He
and zircon He data from the middle transect (Yalong River), collected -225 km S/SW of the
Dadu data, indicate that rapid river incision of -0.34 +/- 0.02 began prior to - 14 Ma and
continued to till the early Quaternary, when it increased likely in response to local uplift and
erosion associated with active faults in the region. Apatite He and zircon He data from the
westernmost transect (Yangtze River), -210 km W of the Yalong data, indicate that rapid river
incision of -0.38 +/- 0.04 began prior to - 10 Ma but likely not prior to -~ 15 Ma, and has
continued to the present. The regional consistency of these data indicate that the eastern margin
of the Tibetan Plateau uplifted at about the same time, and that incision into uplifting topography
has been relatively constant and uniform in the region throughout the late Cenozoic. The larger
amount of exhumation observed in the Yalong river gorge compared to the Dadu and Yangtze
gorges shows that certain areas on the eastern margin deviate from a simple regional context of
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accelerated incision into an uplifted relict topography, or at least that some variability exists in
the broad response of the large rivers dissecting the plateau margin.
INTRODUCTION
Understanding the rates and spatial patterns of erosion is crucial for studying the shape
and evolution of mountainous landscapes. On the eastern margin of the Tibetan plateau, major
rivers have locally cut deep gorges 2 to 3 km into regionally uplifted, low-relief, relict
topography that represents the landscape that existed throughout the eastern margin prior to
uplift and subsequent incision (Clark et al., 2006) (Fig. 1). The incision and evolution of these
river gorges dictates the style and pace of all landscape adjustment in response to regional
plateau uplift and tectonic deformation. In this paper, we explore new constraints on long-term
erosion rates and the initiation age of river incision in three river gorges dissecting the eastern
margin using apatite and zircon (U-Th)/He thermochronometry. The purpose of this study is
twofold: (1) to further constrain and develop the hypothesis that uplift and accelerated erosion
into slowly eroding, relict topography on the eastern margin began between 9 and 13 Ma and that
it was regional (i.e., Clark et al., 2005); and (2) to better quantify long-term erosion rates
associated with major rivers dissecting the eastern margin. Our approach is to focus on elevation
transects collected over short horizontal distances (<5 km) in each of the Dadu, Yalong, and
Yangtze river gorges (Fig. 1). In addition to providing important estimates of local long-term
erosion rates and the initiation of river incision, these transects are crucial for developing
geodynamic models that explore the late Cenozoic evolution of the entire eastern margin of the
Tibetan Plateau.
Previous Thermochronology
The eastern margin of the Tibetan Plateau contains a wide range of bedrock lithologies
deformed in the assembly of Eurasia (Burchfiel et. al, 1995; Burchfiel et al., 2007) (Fig. 2).
Cooling ages from high temperature thermochronology (>300'C) in granites scattered
throughout the eastern margin are typically >50 Ma, reflecting either Triassic/Jurassic
crystallization ages or slow cooling of those granites from the late Mesozoic up to the middle
Cenozoic (Wallis et al., 2003; Roger et al., 2004; Reid et al., 2005). Cooling ages from low
temperature thermochronology (<200'C) from the same (or similar aged) granites, meanwhile,
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vary substantially (from >100 Ma to <5 Ma), reflecting either the older, slowly cooling relict
topography, or late Cenozoic tectonic activity, uplift, exhumation and river incision driven by
deformation associated with the India-Asia collision (Arne et al., 1997; Xu and Kamp, 2000;
Kirby et al., 2002; Clark et al., 2005; Qingzhou et al., 2007). The only area known to have
experienced enough exhumation to display young ages for both high and low temperature
thermochronometers is around Gonga Shan, an area of rapid exhumation since -~ 12 Ma (Roger et
al., 1995; Niemi et al., 2003).
Using regionally distributed age-elevation data and multiple thermochronometers, the
onset of accelerated incision in the region has been constrained to between 5 and 12 Ma for the
Longmen Shan and Min river area north of the Sichuan Basin (Kirby et al., 2002), and between 9
and 13 Ma for the Dadu and Yalong river area west of the Sichuan Basin (Clark et al., 2005).
These data yield estimates of long-term (106-107 yr), late Cenozoic erosion rates for the Dadu
and Yalong river gorges on the order of 0.25 - 0.5 mm/yr, and 1-2 mm/yr for the Longmen Shan.
Clark et al. (2005) used the remnants of relict topography and an interpolation of relict
topography, where it was missing, to measure the depth of samples below the low-relief
landscape. This resulted in a pseudo age-elevation (or age-depth) relationship that exhibited an
inflection point bracketing the initiation of rapid long-term erosion rate. No single transect,
however, contained the right combination of ages and elevations (or depth of incision) to capture
the exact timing of accelerated incision, nor to directly record the inferred acceleration. We
build on this earlier work by testing the hypothesis of synchronous regional uplift and also by
refining estimates of the timing of the onset of rapid incision. The goal is to build a better picture
of regional long-term erosion rates, as well as, provide tighter constraints on incision for the
other major rivers.
METHODS AND SAMPLES
Similar to previous thermochronologic work on the eastern margin, we use low-
temperature thermochronology to explore the incision history of major river gorges. We focus
on (U-Th)/He thermochronometry in apatites (AHe) and zircons (ZHe), which reflect rock
cooling and simple exhumation through the -70 0 C and -180 0 C isotherms, respectively (Farley
2000; Reiners et al., 2004). Assuming a geothermal gradient of 30-40'C/km, the closure
isotherms for AHe and ZHe are -1.5-2 km and -4.3-5.7 beneath the surface; thus allowing for
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the analysis of two different parts of the time-temperature history of the same rock column. On
the eastern margin, river gorges typically have maximum depths of only 2-3 km beneath relict
topography, suggesting that AHe is best suited for studying the young incision of these gorges.
We utilize the age-elevation method for determining rates of bedrock cooling in river gorges,
which allows for estimates of erosion rate to be made independently of assumptions about the
geothermal gradient.
Samples collected along steep topographic profiles are considered equivalent to sampling
at depth beneath the earth's surface, thus yielding an age-elevation relationship that can be
interpreted as the velocity of rocks relative to the closure isotherm (i.e., erosion rate) at the time
of closure (e.g., Wagner and Reimer, 1972). The important assumptions of this method include:
(1) the closure isotherm was horizontal (relative to samples) at the time of closure and
exhumation is vertical; (2) the geothermal gradient and surface temperature have remained
constant through time, such that the depth of the closure isotherm has remained constant relative
to the surface; (3) samples have experienced a spatially uniform erosion rate (i.e., no significant
relief generation or reduction); and (4) there has been no deformation or offset of the samples.
The influence of topography on closure isotherm geometry complicates the interpretation of age-
elevation in terms of absolute long-term erosion rates (Stuwe et al., 1994; Mancktelow and
Graseman, 1997; Braun, 2005; Ehlers, 2005). For this reason, we discuss all erosion rates
derived from age-elevation data as apparent erosion rates, acknowledging that absolute erosion
rates depend on the kinematics of eroding, evolving surface topography and closure isotherms.
We collected samples for age-elevation analysis over short horizontal distances (<5 km)
to limit the influence of topography on estimated erosion rates (Table 1; Fig. 3). Samples for all
three transects come from Mesozoic granitic intrusions that outcrop within the Dadu, Yalong,
and Yangtze river gorges (Roger et al., 2004; Reid et al., 2005) (Fig. 2). The granitic bodies
sampled for the Dadu and Yalong transects intrude the folded and faulted Songpan-Ganze flysch
terrane containing metamorphosed sandstone and mudstone beds of variable thickness; the
granitic body sampled for the Yangtze transect intrudes Paleozoic sediments of the Jinsha
melange between the Qiangtang block and Triassic Yidun Arc in westernmost Sichuan (Fig. 2).
The Dadu granite is undeformed; the Yalong and Yangtze granites are deformed and fiolated.
Twenty-four samples from the three transects were crushed and aliquots rich in apatite
and zircon were prepared by Donelick Analytic using standard heavy liquid and magnetic
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techniques. We focused on a subset of 14 of these 24 samples based on the quality of apatites for
analysis. Final separates for (U-Th)/He analyses were hand-picked using a 100x microscope to
ensure purity and selected for euhedral shape, appropriate size and absence of inclusions.
Separates were then wrapped in Pt (apatite) and Nb (zircon) foils. He abundances for each
crystal were measured by laser mass spectrometry (see Reiners et al. (2003) for methods), and U
and Th concentrations were measured by isotope dilution. An a-ejection correction (Ft) was
applied to each crystal analysis to derive a corrected (U-Th)/He age (Farley et al., 1996; Reiners,
2005). A summary of all individual and mean AHe and ZHe analyses is presented in Tables 2, 3
and 4.
We report (U-Th)/He ages for five samples from the Dadu transect, five from the Yalong,
and four from the Yangtze that cover the full range of elevations for each transect and yield
apatite and zircon grains suitable for analysis. All fourteen of these samples were analyzed for
single-grain apatite (U-Th)/He ages (AHe); only six were analyzed for single-grain zircon (U-
Th)/He ages (ZHe) (Tables 2 and 3). All samples run for AHe have more than one single-grain
analysis (except for wbo-04-19); all samples run for ZHe have more than one single-grain
analysis (except for wbo-04-41A). Additional AHe and ZHe replicates, as well as analyses for
additional samples in the Dadu transect, are in preparation. Errors on the (U-Th)/He ages (2a)
are based on analytical uncertainty in U, Th and He measurements. For all samples with
multiple replicates, we calculate a mean and standard deviation for the spread of replicate
analyses (Table 4). We identify six AHe ages as outliers (with ages far from the rest of the
replicates for that sample) and exclude them from mean calculations. Grains may end up as
outliers for a number of reasons, including minor crystal defects, zoning of parent material U or
Th material, uncertainty in the a-ejection correction, radiation damage affecting diffusion in the
grain, or He diffusion from adjacent crystals in the host rock (i.e., House et al., 2001). These
attributes may also account for the variability in replicate analyses.
RESULTS
Transects and He Ages
We refer to our data from the Dadu river gorge as the Dadu (Jinchuan) transect. This
transect was collected in a side tributary to the Dadu River 17 km south of the town of Jinchuan
in Maerkang County (Sichuan) (Fig. 3a). At the tributary junction, the Dadu River is 2100 m in
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elevation. Our sample transect starts 6 km up the side tributary at an elevation of 2600 m. The
five samples within the transect range in elevation from 2600 m to 3700 m and are collected over
a horizontal distance of 3.4 km. The AHe ages for these samples range from 6.43 ± 0.38 Ma to
36.12 ± 1.69 Ma (Fig. 4a; Table 2). We did not analyze ZHe for this transect. We include in our
analysis of the Dadu (Jinchuan) transect data from Clark et al. (2005). The Dadu (Danba)
transect data in Clark et al. (2005) was collected 20 km south within the same Mesozoic granitic
pluton as our Dadu (Jinchuan) transect. The elevation range of the Dadu (Danba) data is 2100-
3000 m; mean AHe ages range from 5.5 ± 0.3 Ma to 9.4 ± 1.7 Ma. The two datasets exhibit
similar AHe age-elevation relationships (Fig. 4a). The AHe age-elevation data for this transect
clearly exhibit a break in slope at -10 Ma.
We refer to our data from the Yalong river gorge as the Yalong (Li Qui) transect. The Li
Qui is a large tributary to the Yalong that runs through Xinduqiao -50 km west of Kangding in
western Sichuan. Our Yalong (Li Qui) transect is collected adjacent to the lower Li Qui river, 10
km upstream from the confluence of the Li Qui with the Yalong (Fig. 3b). At the confluence, the
Yalong is -2400 m in elevation. The four samples within the main transect range in elevation
from 2800 m to 4000 m and are collected over a horizontal distance of 4.1 km. The AHe ages
for the main transect range from 1.2 ± 0.2 Ma to 6.7 ± 0.3 Ma; ZHe ages for the main transect
range from 7.7 ± 0.3 Ma to 14.1 ± 0.6 Ma (Fig. 4b; Tables 2 and 3). We include one additional
AHe age in Figure 4b from a sample collected on the Yalong River 28 km north/northwest of the
main transect, but do not include it in our analysis in order to focus our results and interpretation
on the immediate vicinity of main Yalong (Li Qui) transect. The age (2.37 ± 0.3 Ma) is
consistent with the main transect data. There is no break in slope exhibited in either the AHe or
ZHe data.
Our Yangtze transect was collected directly adjacent to the Yangtze River -65 km south
of the town of Batang in westernmost Sichuan (Fig. 3c). At the transect bottom, the Yangtze
River is -2300 m in elevation. Samples within the transect range in elevation from 2350 m to
3100 m and are collected over a horizontal distance of 5 km. The AHe ages for the transect
range from 6.5 ± 0.3 Ma to 9.9 ± 0.4 Ma; ZHe ages for the transect range from 16.31 ± 0.77 Ma
to 68.23 ± 2.96 Ma (Fig. 4c; Tables 2 and 3). The ZHe ages are scattered and generally have
inconsistent replicate analyses (Fig. 4c); we therefore limit our discussion of the Yangtze ZHe
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ages until we perform more replicate analyses. As with the Yalong transect, there is no break in
slope exhibited in the AHe.
Erosion Rates
All three transects indicate that AHe and ZHe ages are strongly correlated with elevation
(Fig. 4). We use a least squares regression routine, which weights analytical uncertainty on the
He ages as the dependent variable, to fit all age-elevation data (York, 1969). As noted above, on
the Dadu (Jinchuan) transect there is an inflection point in the age-elevation relationship at
-3000 m, implying unsteady erosion between 36.12 and 6.4 Ma, with an acceleration in apparent
erosion rate at - 10 Ma. We therefore fit age-elevation data _ 3000m and 5 3000m. The fit for
data 5 3000 m predicts an apparent erosion rate of 0.33 ± 0.04 km/My (or mm/yr); the fit for data
_ 3000 m predicts an apparent erosion rate of 0.038 ± 0.02 km/My. The inflection point in the
age-elevation relationships therefore represents a - 10-fold increase in apparent erosion rate. A
least squares regression fit to our data 5 3000m and all of the Dadu (Danba) data from Clark et
al. (2005) yields an apparent erosion rate of 0.27 ± 0.08 km/My, showing good agreement
between the two datasets.
For the Yalong (Li Qui) transect, regression fits for apatite and zircon data predict an
apparent erosion rate of 0.34 ± 0.02 km/My for AHe and 0.23 ± 0.02 for ZHe. The linearity of
both AHe and ZHe age-elevation plots imply steady erosion from 6.7 to 1.2 Ma and 14.1 to 7.7
Ma, respectively. There are no large inflection points in either AHe or ZHe data to suggest
significant changes in erosion rate. The relative consistency between AHe and ZHe erosion rates
imply more or less steady erosion from - 14 Ma to 1.2 Ma. Finally, for the Yangtze transect,
regression fits for the AHe data predict an apparent erosion rate of 0.38 ± 0.04 km/My. The
linearity of the AHe age-elevation plot implies a steady erosion rate from 9.9 to 6.5 Ma. As
noted earlier, there is no inflection point in the AHe data to suggest a non-steady erosion rate.
A composite plot of all mean AHe ages within the rapidly incising gorges (excluding the
Dadu data > 3000 m that reflect slower erosion prior to 10 Ma) displays regional agreement of
age-elevation data (Fig. 5). All transects exhibit consistent apparent long-term erosion rates
between 0.3 and 0.4 km/My. We include in our composite analysis additional data from Clark et
al. (2005). The Yalong (Juilong) transect data in Clark et al. (2005) were collected over a
horizontal distance of -50 km starting in Juilong and traveling south down to the Yalong River.
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These data are located -70 km south/southeast from our Yalong (Li Qui) data. The elevation
range of the Yalong (Juilong) data is 1700-2750 m; mean AHe ages range from -4.6 to 10.1 Ma
(Table 4; Fig. 5). The erosion rate for the Yalong (Juilong) transect data is lower (0.22 ± 0.05
km/My), but the error bars on these samples are high and the ages/elevations are consistent with
the Dadu and Yangtze data.
We use the zero-age concept to estimate erosion rates during the time interval between
the AHe ages and the present (Reiners and Brandon, 2006). Each age-elevation relationship
predicts a zero AHe age (or y-intercept) that represents the present elevation of AHe closure if
the erosion indicated by the data does not change significantly from the youngest age to the
present. The predicted closure elevations from our transects are -400 m, -2200 m and -100 m
for the Dadu, Yalong (Li Qui) and Yangtze transects, which are -1700 m, -200 m and -2250 m
below the present elevation of these river gorge bottoms, respectively. If we assume a steady
geothermal gradient of 30-400 C/km before and during incision, a closure temperature of apatite
of -70'C, and a surface temperature of 100 C, the expected closure elevation for AHe should be
- 1.5-2 km beneath the bottom of the river gorges. For both the Dadu and Yangtze transects, the
AHe closure elevations predicted from the age-elevation data and expected under these
assumptions are approximately the same. We interpret this as strong evidence arguing against a
change in the apparent erosion rate from -5 Ma to the present. For the Yalong (Li Qui) transect,
however, there is -~ 1500 m discrepancy between the predicted and expected AHe closure
elevations. We interpret this as evidence for a significant change in the apparent erosion rate
from -2 Ma to the present. The caveats to this analysis lie in the assumptions about the
geothermal gradient and closure temperature, which may change slightly underneath the valleys
in response to incision. However, the discrepancy in the case of the Yalong (Li Qui) transect is
too large to explain given realistic estimates of these parameters.
The two different datasets (AHe and ZHe) for the Yalong (Li Qui) and Yangtze transects
can be combined to analyze the interval of time between AHe and ZHe closure. For the Yalong
(Li Qui) transect, this provides a check on the internal consistency of the erosion rates. There are
three samples within the Yalong (Li Qui) transect with both AHe and ZHe ages; the difference
between the two ages for these samples is 8.1 to 6.9 Ma (average 7.3 Ma). Assuming an AHe
closure temperature of -70 0 C, a ZHe closure temperature of -180 0 C, and a geothermal gradient
of -40°C/km, the predicted distance between the closure AHe and ZHe is 2750 m. Combined
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with the difference between AHe and ZHe age, this yields an erosion rate between 0.33 and 0.39
km/My, consistent with the apparent erosion rates from the age-elevation fits. We interpret this
as evidence supporting a steady long-term erosion for the Yalong (Li Qui) area from -14 Ma to
1.2 Ma. The scattered ZHe data in the Yangtze transect, meanwhile, does not allow for detailed
analysis, but one sample within the Yangtze transect did yield consistent ZHe replicate ages.
The difference between AHe and ZHe ages for this sample is 14.4 Ma (Fig. 4c). Using similar
parameters as above, this yields an erosion rate of -0.19 km/My between AHe and ZHe closure,
suggesting non-steady long-term erosion for the Yangtze transect area from 22 to 10 Ma.
Timing of Rapid Incision
Our data provide valuable constraints on the timing of rapid river incision within the
Dadu, Yalong and Yangtze river gorges on the eastern margin of the Tibetan Plateau. Clark et
al. (2005) argued for regional accelerated erosion in the Dadu and Yalong river gorges into
slowly eroding, relict topography on the eastern margin beginning between 9 and 13 Ma, but
could not confirm the acceleration in single age-elevation transect. Our new AHe data in the
Dadu River gorge near Jinchuan indicate that rapid incision of -0.33 mm/yr began at -10 Ma
and has not changed significantly since that time. The straight line fits in Figure 4a indicate that
rapid incision begin rather quickly and was well established by -~ 10 Ma. A more conservative
interpretation of the data would say that rapid incision occurred after 11-12 Ma and was well
established by -9 Ma. AHe and ZHe data in the Yalong river gorge adjacent to the lower Li Qui
river, meanwhile, indicate that rapid incision of -0.34 mm/yr began prior to 14 Ma, or that it was
at least well established by -12-14 Ma. Rapid incision associated with the Yalong (Li Qui)
transect continued into the early Quaternary, but has since increased. AHe and ZHe data in the
Yangtze River gorge near Batang indicate rapid incision of -0.38 mm/yr began after 22 Ma and
prior to 10 Ma, and has continued to the present. We discuss additional constraints on the timing
of rapid river incision for the Yangtze below.
The general agreement of elevations, ages and apparent erosion displayed in Figure 5 for
each of the Dadu, Yangtze and Yalong (Juilong) transects reflects the fact that these transects
come from similar locations along the trunk rivers (Fig. 1), with comparable elevations and relief
(i.e., incision below relict topography). At the time of AHe closure for these transects, the
closure isotherm had to be at about the same elevation for the ages and elevations to agree (given
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the same erosion rate and similar geothermal gradients). In addition, assuming the mapped
remnants of relict topography adjacent to the Dadu and Yangtze transects are correct (i.e., Clark
et al., 2006), the similar elevations, ages and apparent erosion rates for these transects imply
similar timing for rapid incision into relict topography. We have the timing of rapid incision
well-constrained for the Dadu at -10 Ma. This would suggest, then, that the Yangtze River
gorge started incising rapidly at -10 Ma, as well, and that our highest elevation sample in the
Yangtze transect (3100 m) was close to the inflection point. In the case that the mapped
remnants of relict topography adjacent the Yangtze transect are incorrect, we have limited
constraints on the initiation of incision. We could interpret the scatter observed in the ZHe data
as evidence that the column of rock represented in this transect eroded slowly through the partial
retention zone (PRZ) of ZHe. This would imply that rapid incision (0.38 ± 0.04 km/My) has not
occurred long enough to expose reset, young ZHe ages representing rapid incision. This would
mean that there has been less than -4.3-5.7 km of total exhumation, implying that rapid incision
of 0.38 km/My could not have begun prior to 11-15 Ma. Additional ZHe replicates are in
preparation and will hopefully elucidate this timing, either supporting the idea that these samples
represent a paleo-PRZ of ZHe or providing a more accurate representation of the ZHe ages for
this transect.
There are no well-preserved remnants of relict topography near the Yalong (Juilong)
transect to allow for a similar estimate of the timing of rapid incision. Assuming that the area
around the Yalong (Juilong) transect of Clark et al. (2005) did experience accelerated erosion
into prior, relict topography, the lack of well-preserved remnants suggests that either rapid
incision did initiate - 10 Ma, but erosion has been significant enough to inhibit identification of
remnants, or that rapid incision began prior to - 10 Ma and that the relict topography was
originally at a higher elevation in this region.
DISCUSSION
Yalong (Li Qui) Transect
Our Yalong (Li Qui) transect exhibits the same erosion rate as the other transects, but
exposes younger AHe ages (Fig. 5). As discussed earlier, these younger AHe ages result in a
-1500 m discrepancy between the predicted and expected AHe closure elevations, requiring an
increase in apparent erosion rate after 1.2 Ma. The Yalong (Li Qui) transect is also shifted
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-1500 m from all other data (Fig. 5b). The age-elevation relationship exhibited by the Yalong
(Li Qui) transect matches the expected age-elevation relationship for samples at depth beneath
the Dadu and Yangtze transect, between the bottom elevation of each transect and the closure
depth. This suggests that between at least ~10 and 1.2 Ma, the Yalong (Li Qui), Dadu and
Yangtze transects were all eroding at the same erosion rate, and each closure isotherm for AHe
was at a similar elevation, implying a broad, synchronous plateau uplift as interpreted by Clark et
al (2006). Then, after 1.2 Ma, the Yalong (Li Qui) experienced additional uplift and exhumation
to offset and expose the column of rock preserving the 10-1.2 Ma cooling rock. Both the
discrepancy between the predicted and observed closure depth of apatites for this transect and
this offset with the other transects suggest that the additional uplift and exhumation in the area of
the Yalong (Li Qui) transect is on the order of -1500 m, implying an erosion rate of 1-1.5 mm/yr
since the middle Quaternary.
The Yalong (Li Qui) transect therefore has two interesting aspects that deviate from the
Dadu and Yangtze transect: (1) rapid incision started earlier in this region, prior to - 14 Ma; and
(2) it has recently been influenced by additional uplift and exhumation. The earlier initiation
indicates this area had already exhumed at least 1400 m before 10 Ma. This minimum estimate,
together with the additional Quaternary component, imply a minimum of 3000 m more total
exhumation in the area of the Yalong (Li Qui) transect than in the other gorges. This is
supported by the topography around the Yalong (Li Qui) transect of this area (Fig. 6). There are
no remnants of relict topography preserved, mean elevations are higher, and there is evidence of
a higher degree of glacial erosion (i.e., depth of alpine glacier valleys, cirque wall heights,
number and size of glacial lakes, run-out of moraines, etc.) than seen in topography to the north
or south. Assuming that relict topography once existed around the Yalong (Li Qui) transect, this
implies that this area has experienced more surface uplift and that rivers (and glaciers) have
eroded more material.
What accounts for these deviations of the Yalong (Li Qui) transect? Why did rapid
incision start earlier but with the same rate of incision as the other gorges? The Quaternary uplift
and exhumation of the Yalong (Li Qui) transect is possibly related to young, active and rapid
deformation associated with the Gonga Shan area. Topography near Gonga Shan rises above the
relict landscape and exhibits numerous signs of rapid (>1 mm/yr) uplift, erosion and river
incision (Ouimet et al., 2007a, Clark et al., 2005). Very young AHe ages have also been
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observed near Gonga Shan (Clark, 2003; located indicated in Figure 2, mean age in Table 4).
Another aspect of tectonics to consider in this region is that uplift and exhumation may be
associated with a young, active fault. The major active faults in the area are the left lateral
Xianshuihe and Litang Fault (Fig. 2). One structure in particular between these two faults runs
southwest/northeast separating our Yalong (Li Qui) and Yalong (Juilong) transect data, and
might account for the offset data between the AHe datasets (fault A on Figs. 2 and 6). This fault
has been mapped with both strike-slip and thrust motion (Burchfiel et al., 1995), and could be
accommodating local transpressional deformation in between the larger active faults, accounting
for the Quaternary uplift and exhumation. A similar argument for local uplift associated with
smaller faults and deformation in between larger, more active systems has been argued in the
Snow Mountains area of the Yangtze River (location: 27.2388oN; 100.1376oE) (Studnicki-
Gizbert, 2006).
The earlier onset of rapid incision in the Yalong (Li Qui) area compared to the Dadu is
harder to conclusively explain. One explanation is that it simply reflects the variability of
regional uplift and incision. A second explanation is that it might be related to the transient
nature of large river response and incision following uplift. Perhaps the Dadu transect simply
started incising rapidly later because it was farther upstream in the regional river network at the
time of regional uplift and incision. Regional deformation is argued to have induced large-scale
river reorganization and river capture events that would imply that the location of the Dadu
transect was farther upstream than both of the Yalong transects (Clark et al., 2004). One final
explanation for the earlier onset of rapid incision is that the Yalong (Li Qui) transect region may
be an area of local active uplift and exhumation prior to regional, long-wavelength uplift and
major river incision, similar to the foreland deformation observed on the northeastern margins of
Tibetan plateau today.
Regional Implications
The larger amount of exhumation and different timing observed in the Yalong (Li Qui)
transect area shows that certain areas on the eastern margin deviate from a simple regional
context of accelerated incision into an uplifted relict topography, or at least that significant
variability exists in the broad response of the large rivers dissecting the margin. We reserve
discussion of a potentially earlier initiation of rapid incision on the Yangtze (>10 Ma but likely
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<15 Ma) until we have more data to constrain it. The fact that long-term erosion rates are the
same in all the gorges seems to suggest that the regional picture is one of river incision in
response to broad, long-wavelength uplift of the eastern margin (i.e., Clark et al., 2005), with the
details of exactly how much exhumation has occurred, and the specifics of timing being affected
by local tectonics, paleo topography and the dynamics of large scale river adjustment. In this
light, our data present new and interesting details concerning the uplift, incision and erosion of
the eastern margin of the Tibetan Plateau.
The estimates of apparent long-term erosion rates are not particularly high, especially
when compared to long-term erosion rates observed in the Himalaya (1-10 mm/yr) (e.g., Zeitler,
1985; Burbank et al., 2003; Huntington et al., 2006). Though not the magnitude of Himalayan
erosion, these long-term rates are consistent with short-term (102-105 yr) erosion rates measured
for the deeply incised river gorges (Ouimet et al, 2007). In fact, the estimates of the long-term
erosion before and after the initiation of rapid incision are both consistent with short-term
erosion rates. Short-term erosion rates range from -0.030 to 3 mm/yr, generally reflecting either
slow erosion associated with'unadjusted, relict topography (<0.05 mm/yr), or fast erosion
associated with incised river gorges (>0.4 mm/yr) (Ouimet et al., 2007; Harkins et al., 2007).
Our constraints on the slow, pre-rapid incision, long-term rate are extremely well constrained
(0.038 ± 0.02 km/My,or mm/yr), but agree with short-term rates representative of the same type
of topography. The general discrepancy between upland short-term and long-term erosion rates
recorded in canyons supports the idea that this landscape is still actively involved in a large-scale
transient response to regional uplift, exhibiting disequilibrium rates of erosion and river incision
as a function of location within these large river systems.
The tightly constrained initiation of rapid river incision in the Dadu river gorge begs the
question of a trigger mechanism. Is it purely river response to regional uplift, or is it tied into a
more complicated transient river response to uplift? Alternatively, could it be related to a change
in climate, such as changes in the intensity of the Asian monsoon (Prell et al., 1992; Clift et al.,
2006)?
CONCLUSIONS
Our dataset has provided new, important constraints on the rates of exhumation in major
rivers on the eastern margin of the Tibetan Plateau and the timing of rapid incision. We have
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both confirmed and more tightly constrained the previously hypothesized notion of broad,
synchronous plateau uplift and subsequent incision by regional rivers (Clark et al., 2005). The
Dadu, Yalong and Yangtze River gorges exhibit consistent regional long-term (106-107 yr)
erosion rates between 0.3 and 0.4 km/My. Furthermore, we show that the details of exactly how
much exhumation has occurred, and the specifics of timing, are affected by local tectonics,
paleo-topography and dynamics of large scale river adjustment. AHe and ZHe data in the
Yalong river gorge reveal a more dynamic cooling and exhumation history, with >3000 m more
exhumation than other river gorges. Data indicate that rapid incision began prior to --14 Ma,
continued to the early quaternary and then increased again, likely in response to local uplift and
erosion associated with active faults in the region. The earlier onset of rapid incision in the
Yalong river gorge compared to the Dadu suggests local deviation from the simple regional
context of long-wavelength uplift on the eastern margin and subsequent incision by major rivers.
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FIGURE/TABLE CAPTIONS
Figure 1: Regional Topography and Rivers
Overview map of regional topography and river gorges dissecting the eastern margin of the
Tibetan Plateau. (b), (c), and (d) Longitudinal profiles of the Dadu, Yalong and Yangtze rivers
extracted from 90 m SRTM data with transect sample locations indicated. For each major river,
we also plot projections of the relict topography above the modern river level (for a map of relict
topography remnants and details of interpolation, see Clark et al., 2006). Bold light-gray lines
indicate well preserved remnants of relict topography within 30 km of the river gorges, with the
typical ±500 m relief for relict topography indicated by dashed gray lines. Dashed, bold gray
lines indicate interpolated relict topography. Note: horizontal scale is different for each profile.
Diamonds indicate the locations of towns Danba (Db) and Jinchuan (Jn) on the Dadu River
profile, and the confluence of the Li Qui River (LQ) with the Yalong trunk river on the Yalong
River profile.
Figure 2: Regional Geologic Map
Tectonic and geologic map of the study area, adapted from Burchfiel et al. (in preparation) and
"Geologic Map of the Tibetan Plateau and Adjacent Areas" compiled by Chengdu Institute of
Geology and Mineral Resources and Chinese Geological Survey (Map Scale 1:1,500,000).
Sample transect locations for this study indicated by white stars. Each granite sampled is
mapped as a Mesozoic Pluton. Gray stars indicate the location of data from Clark, 2003 and
Clark et al., 2005. Dashed boxes indicate the close-up maps in 3a, 3b and 3c and topography in
Figure 6. Location "A" marks the fault discussed in the text.
Figure 3: Sample Location Maps
LANDSAT basemaps for the Dadu (a), Yalong (b) and Yangtze (c) study areas with samples
located.
Figure 4: Transect Data
Cooling age vs. sample elevation for Dadu, Yalong (Li Qui) and Yangtze AHe and ZHe data -
(a), (b) and (c) respectively. Individual cooling ages are plotted with 2a analytical uncertainty.
Bold gray lines indicate least-squares regression best-fit age-elevation gradients for individual
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ages for each transect; we do not fit the mean ages. The two fits for the Dadu transect are for all
data _ 3000m and all data 5 3000m.
Figure 5: Composite Plots
Composite plots of cooling age vs. sample elevation for all transects. Mean cooling ages are
plotted with 2y error bars (representing the standard deviation from the spread of replicate
values). We include in these plots Dadu (Danba) and Yalong (Juilong) data from Clark et al.,
2005. We exclude the upper part of the Dadu transect (i.e., data > 3000m) to focus on the post
10 Ma, accelerated long-term erosion rates. (a) Composite plot for all data. (b) Composite plot
for all data with a 1500-2000 m shift in the Yalong (Li Qui) data. We interpret the Li Qui study
area to have experienced 1500-2000 m of young (post -2Ma) uplift relative to other transects
and associated rapid exhumation to offset the Li Qui data from Juilong ages collected -70 km
south/southeast, which match ages in the Dadu and Yangtze.
Figure 6: Li Qui Topography
Topographic swath profile near the Yalong (Li Qui) transect. The topography around the Yalong
(Li Qui) transect is higher, has no remnants of relict topography preserved and displays evidence
of a higher degree of glacial erosion than topography to the north. Assuming that relict
topography once existed around the Yalong (Li Qui) transect, this implies that this area has
experienced more surface uplift and that rivers (and glaciers) have eroded more material.
Location "A" marks the fault discussed in the text, also indicated in Figure 2.
Table 1: Sample Descriptions
Table 2: Apatite (U-Th)/He Individual Crystal Data
Table 3: Zircon (U-Th)/He Individual Crystal Data
Table 4: (U-Th)/He Mean Ages
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Table 1 : Sample Descriptions
Transect Sample ID Rock Type Age Long. Lat. Elev. Apatite Zircon
(N) (E) (m) Replicates Replicates
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Trunk)
Yangtze
Yangtze
Yangtze
Yangtze
wbo-04-32C Granite
wbo-04-32D Granite
wbo-03-20A Granite
wbo-03-20B Granite
wbo-03-20C Granite
wbo-03-20D Granite
wbo-03-20E Granite
wbo-04-32A Granite
wbo-04-41C Granite
wbo-04-41A Granite
wbo-03-16A Granite
wbo-04-41E Granite
wbo-04-19 Granite
wbo-04-15 Granite
wbo-04-14 Granite
wbo-04-13 Granite
wbo-04-10 Granite
Mz 101.9127 31.3871 3700
Mz 101.9154 31.3841 3600
Mz 101.9193 31.3822 3500
Mz 101.9211 31.3780 3200
Mz 101.9256 31.3740 3000
Mz 101.9361 31.3708 2800
Mz 101.9418 31.3711 2600
Mz 101.9432 31.3665 2000
Mz 101.2441 29.4602 4000
Mz 101.2402 29.4479 3700
Mz 101.2354 29.4315 3100
Mz 101.2275 29.4203 2800
Mz 101.0830 29.6696 2500
Mz 99.0728 29.4840 3100
Mz 99.0698 29.4822 2900
Mz 99.0682 29.4798 2700
Mz 99.0612 29.4142 2350
* Analyses in process, planning to have replicates run before publication...
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Table 2 : Apatite (U-Th)/He Individual Crystal Data
Transect Sample Mass Radius [U] [Th] [Sm] [4He] Ft Corrected Agea 24b
Replicate (jg) (pm) (ppm) (ppm) (ppm) (nmol/g) (Ma) (Ma)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Trunk)
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
Yangtze
wbo-04-32CaA
wbo-04-32CaB
wbo-03-20BaA
wbo-03-20BaB
wbo-03-20Bal
wbo-03-20Ba2
wbo-03-20CaA
wbo-03-20CaB
wbo-03-20Cal
wbo-03-20Ca2
wbo-03-20Dal
wbo-03-20Da2
wbo-03-20EaA
wbo-03-20EaB
wbo-03-20Eal
wbo-03-20Ea2
wbo-04-41CaA
wbo-04-41CaB
wbo-04-41Cal
wbo-04-41Ca2
wbo-04-41AaA
wbo-04-41AaB
wbo-04-41Aal
wbo-04-41Aa2
wbo-03-16AaA
wbo-03-16AaB
wbo-04-41EaA
wbo-04-41Eal
wbo-04-41Ea2
wbo-04-19aA
wbo-04-15aA
wbo-04-15aB
wbo-04-15al
wbo-04-15a2
wbo-04-14al
wbo-04-14a2
wbo-04-14aB
wbo-04-13aA
wbo-04-13aB
wbo-04-13al
wbo-04-13a2
wbo-04-10aA
wbo-04-10aB
0.96 34.76 43.0 4.9 267.7
0.90 38.38 53.2 1.6 332.1
0.66 32.25 15.2 5.7 323.8
1.41 38.00 13.9 6.5 308.5
1.28 32.25 30.2 14.7 301.0
1.67 41.00 18.4 4.3 187.8
1.86 35.78 30.1 10.6 180.9
0.92 32.80 53.4 17.0 340.3
1.33 43.50 35.7 27.7 137.6
0.94 31.00 67.2 23.2 272.8
0.68 31.00 25.0 19.5 312.7
1.95 41.50 25.8 6.6 316.0
3.87 52.87 13.2 10.8 273.1
1.49 36.76 18.5 16.7 305.6
3.71 50.00 6.7 4.5 280.2
0.77 34.50 33.8 45.6 372.1
4.55 58.10 62.8 29.8 97.1
2.69 46.85 23.8 23.0 90.4
4.17 51.25 74.2 30.6 72.8
4.58 60.00 66.6 31.8 78.1
2.10 39.75 36.3 16.5 116.5
1.77 38.73 54.1 16.3 142.7
1.43 34.00 39.5 9.1 105.5
2.17 40.25 45.4 10.7 123.9
1.37 34.41 25.5 6.3 527.6
1.32 39.65 22.2 5.5 315.3
0.92 33.49 4.9 5.0 179.3
0.75 32.75 9.3 3.5 483.8
4.27 51.75 38.6 16.3 506.7
1.19 33.15 41.1 52.3 258.4
1.21 34.92 39.0 24.8 143.8
1.08 31.66 43.4 31.6 185.1
1.09 35.00 58.2 23.0 172.3
1.00 31.75 62.5 24.4 176.5
2.57 42.25 51.5 12.8 156.0
4.70 46.75 51.4 12.8 152.6
0.83 35.04 60.4 13.6 185.9
2.47 42.74 60.2 7.6 215.6
1.20 36.54 89.3 14.9 227.4
3.26 46.25 54.1 3.6 176.1
1.21 36.00 51.1 1.0 184.2
0.90 31.48 19.2 23.7 163.7
1.65 38.42 14.8 24.1 149.9
Ft Alpha-ejection correction factor ( ie. bulk retentivity)
aAlpha-ejection corrected ages; bold-italic ages are outliers, not plotted in results and excluded in mean calculations
b Error includes analytical precision only
* Low [4He]
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5.46 0.63
3.60 0.64
1.14
0.84
1.72
1.06
0.83
1.77
1.04
2.31
0.87
0.73
0.75
0.55
0.80
0.97
1.53
0.76
1.61
1.69
0.68
1.51
0.69
0.79
0.38
0.28
0.04
0.06
0.20
0.43
1.51
1.44
1.76
2.04
1.57
2.11
7.21
2.14
4.74
1.42
1.95
0.59
0.52
0.59
0.66
0.62
0.69
0.66
0.62
0.67
0.61
0.55
0.69
0.75
0.65
0.74
0.62
0.77
0.72
0.75
0.77
0.68
0.67
0.62
0.67
0.64
0.67
0.61
0.60
0.75
0.62
0.64
0.61
0.61
0.59
0.69
0.73
0.62
0.71
0.65
0.73
0.66
0.60
0.66
36.12
19.34
21.02
14.91
15.04
14.42
7.10
9.20
6.76
9.69
9.73
7.07
11.58
6.87
25.05
6.43
5.29
6.67
4.90
5.48
4.56
7.13
4.89
4.56
3.93
3.29
2.17
1.74
1.15
2.37
9.76
8.56
8.37
9.34
7.73
9.86
33.72
9.05
14.55
6.55
10.65
7.28
7.11
1.69
0.86
1.00
0.67
1.07
0.76
0.31
0.38
0.32
0.47
0.61
0.37
0.43
0.30
1.31
0.38
0.20
0.26
0.21
0.24
0.19
0.29
0.24
0.21
0.19
0.20
0.89 *
0.72 *
0.06
0.13
0.41
0.38
0.37
0.43
0.34
0.42
1.37
0.38
0.60
0.30
0.54
0.35
0.33
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Table 3 : Zircon (U-Th)/He Individual Crystal Data
Transect Sample Mass Radius [U] [Th] U/Th [4He] Ft Corrected Agea 2 eb
Replicate (pig) (pm) (ppm) (ppm) (nmol/g) (Ma) (Ma)
Yalong (Li Qui) WBO-04-41CzC 42.88 79.3 1385 558 2.48 100.2 0.87 14.04 0.63
Yalong (Li Qui) WBO-04-41CzD 19.34 61.3 2373 830 2.86 155.0 0.84 13.38 0.60
Yalong (Li Qui) WBO-04-41AzA 11.22 46.4 1020 128 7.98 52.9 0.80 11.69 0.65
Yalong (Li Qui) WBO-04-41EzA 10.38 48.6 6991 942 7.42 273.0 0.80 8.73 0.46
Yalong (Li Qui) WBO-04-41EzC 20.97 59.8 1391 403 3.46 65.2 0.84 9.69 0.51
Yalong (Li Qui) WBO-04-41EzD 20.97 59.8 4014 411 9.77 154.5 0.84 8.29 0.39
Yalong (Li Qui) WBO-04-41EzE 20.05 55.8 7931 3670 2.16 302.7 0.83 7.68 0.34
Yangtze WBO-04-15zA 9.84 48.5 1544 174 8.85 324.3 0.80 47.16 2.51
Yangtze WBO-04-15zB 5.12 41.8 1421 253 5.62 159.6 0.77 26.08 1.40
Yangtze WBO-04-15zC 9.09 42.8 4099 616 6.65 293.1 0.78 16.31 0.77
Yangtze WBO-04-15zD 4.89 39.3 1663 290 5.74 300.7 0.76 42.46 1.97
Yangtze WBO-04-13zA 7.89 46.8 533 171 3.11 56.4 0.79 23.04 0.95
Yangtze WBO-04-13zB 8.58 49.0 713 245 2.91 70.1 0.80 21.11 0.86
Yangtze WBO-04-13zC 3.89 40.8 1029 378 2.72 101.4 0.75 22.36 0.93
Yangtze WBO-04-10zA 6.00 48.8 2343 502 4.67 298.5 0.79 28.59 1.51
Yangtze WBO-04-10zC 5.47 41.5 1031 307 3.36 192.3 0.77 42.04 1.72
Yangtze WBO-04-10zD 4.19 47.5 1715 252 6.80 502.3 0.77 68.23 2.96
Ft Alpha-ejection correction factor ( ie. bulk retentivity)
aAlpha-ejection corrected ages; bold-italic ages are outliers, not plotted in results and excluded in mean calculations
b Error includes analytical precision only
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Table 4 : (U-Th)/He Mean Ages
Transect Sample ID Mean Age Zircon Reference[m] Apatite
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Dadu (Jinchuan)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yalong (Li Qui)
Yangtze
Yangtze
Yangtze
Yangtze
Dadu (Danba)
Dadu (Danba)
Dadu (Danba)
Dadu (Danba)
Dadu (Danba)
Yalong (Juilong)
Yalong (Juilong)
Yalong (Juilong)
Yalong (Juilong)
Gonga
WBO-04-32C
WBO-03-20B
WBO-03-20C
WBO-03-20D
WBO-03-20E
WBO-04-41C
WBO-04-41A
WBO-03-16A
WBO-04-41E
WBO-04-15
WBO-04-14
WBO-04-13
WBO-04-10
MC-01-11
MC-01-12
MC-01-13
MC-01-14
MC-01-15
MC-01-25
MC-01-27
MC-01-29
MC-01-30
MC-01-07
3700
3200
3000
2800
2600
4000
3700
3100
2800
3100
2900
2700
2350
2840
2580
2500
3000
2100
1700
1950
2550
2750
1150
27.7
16.3
8.2
8.4
6.6
5.6
4.7
3.6
1.7
9.0
8.8
7.8
7.2
8.1
6.1
5.7
9.4
5.5
4.6
5.0
8.3
10.1
0.42
11.9
3.1
1.5
1.9
0.3
0.8
0.2
0.5
0.5
0.7
1.5
1.8
0.1
1.2
0.5
0.1
1.7
0.3
1.1
1.7
2.8
7.8
+ 0.38
- +
- +
13.7 +
11.7 +
- +
8.6 +
33.0 +
- +
22.2 +
46.3 +
- +
- +
- +
- +
- +
- +
- +
- +
- +
- +
- Ouimet et al., this study
- Ouimet et al., this study
- Ouimet et al., this study
- Ouimet et al., this study
- Ouimet et al., this study
0.5 Ouimet et al., this study
0.7 Ouimet et al., this study
- Ouimet et al., this study
0.8 Ouimet et al., this study
14.3 Ouimet et al., this study
- Ouimet et al., this study
1.0 Ouimet et al., this study
20.2 Ouimet et al., this study
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
Clark et al., 2005
- Clark et al., 2005
- Clark, 2003
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ABSTRACT
We investigate longitudinal profiles to explore the spatial distribution of erosion and river
incision on the eastern margin of the Tibetan Plateau. Major rivers on the eastern margin start at
high elevations over 4000 m and become increasingly incised below the relict (or plateau)
topography as they flow downstream and transition into deep gorges characterized by high-relief
and steep hillslopes. Relief, river gradients, hillslope morphology and erosion rates all vary
systematically with distance downstream along these large rivers, broadly reflecting an
increasing degree of dissection below regional relict topography and faster rates of incision by
trunk rivers. The spatial patterns of erosion and river incision exhibited in these data are
indicative of large-scale transient river incision on the eastern margin in response to regional
uplift. Superimposed on the large-scale signal of transient river incision are small scale
variations in channel gradients that reflect differences in bedrock lithology and channel
morphology, the influence of large landslides, and local non-uniform uplift related to active
faults. The Dadu River thus provides a valuable case study of a large, actively evolving transient
landscape.
INTRODUCTION
The eastern margin of the Tibetan Plateau displays a remarkably diverse landscape in its
geography and geomorphology. Peak elevations rise to over 6000 m on mountain peaks covered
in alpine glaciers (the highest being Gonga Shan, 7556 m) and rivers have cut gorges locally 2 to
3 km deep into uplifted, low-relief remnants of topography that are between 4000 and 4500 m in
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elevation and represent the pre-uplift or relict landscape of the region (Clark et al., 2006).
Tectono-geomorphic studies have yielded valuable insights into this dynamic landscape. Studies
include identifying and characterizing the relict landscape and using it to constrain surface uplift
and the initiation of river incision throughout the Dadu and Yalong river drainages (Clark, 2003;
Clark et al., 2005; Clark et al., 2006), and using river profiles to: (1) constrain surface uplift and
phases of river incision along the Red River in southern Yunnan Province (Schoenbohm et al.,
2004); (2) determine relative rates of rock uplift to the north of the Sichuan Basin within the Min
River drainage (Kirby et al., 2003); and (3) analyze patterns and controls on fluvial incision in
the upper reaches of the Yellow River (Harkins et al., 2007). All of these studies highlight the
utility of topographic analyses to constrain regional tectonic history and explore the controls on
rates of bedrock river incision and landscape evolution. In this paper, we combine longitudinal
profile and topographic analysis with estimates of short and long-term erosion rates to
characterize controls on erosion and incision and to analyze in detail the nature of river response
to regional uplift on the eastern margin. We focus our analysis on the Dadu River drainage and a
large tributary of the Yalong River (the Li Qui River). These rivers are representative of the
major rivers in the region and have been the focus of our fieldwork, detailed topographic
analyses, and erosion rate studies for the past four years.
Tectonic and Geologic Setting
Our study area lies to the east of the Eastern Himalayan Syntaxis and to the west of the
Sichuan Basin in western Sichuan (Fig. 1). This broad region is dissected by three of Asia's
largest river systems: the Yangtze, Mekong and Salween rivers. The focus of our analysis, the
Dadu and Yalong rivers, are two of the Yangtze River's largest tributaries, which lie directly east
of the Sichuan Basin. The Dadu and Yalong River basins, and the region in general, have been
affected by broad, long-wavelength uplift and intra-continental deformation associated with
continued convergence of the Indian subcontinent with Eurasia (Molnar and Tapponier, 1975).
In addition to regional surface uplift, the Dadu and Yalong River basins are also affected by
active deformation along strike-slip faults that cut across older tectonic and structural boundaries
and accommodate upper crustal deformation and rotation around the eastern syntaxis (Wang et
al., 1998). The most prominent of these active systems is the Xianshuihe-Xiaojiang, left-lateral
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fault system, which cuts across the Yalong River basin and the lower portion of the Dadu River
basin, accommodating -60 km of offset in the last 4-8 Ma (Wang et al., 1998).
The Dadu and Yalong rivers cut across a wide range of bedrock lithologies deformed in
the assembly of Eurasia (Burchfiel et. al, 1995; Burchfiel et al., In Prep) (Fig. 2). Dominating
the upper reaches of each catchment is the folded and faulted Songpan-Ganze flysch terrane,
containing metamorphosed sandstone and mudstone beds of variable thickness. The Songpan-
Ganze is intruded by a series of Jurassic age granitic plutons, which outcrop throughout the
region (Roger et al., 2003). As the Dadu and Yalong flow south-southeast, they dissect a
package of tilted and deformed Paleozoic rocks and the crystalline Precambrian basement of the
Yangtze platform (Burchfiel et. al, 1995). The lower part of the Dadu River basin also contains a
Miocene granitic intrusion associated with rapid uplift and exhumation in the Gonga Shan massif
(Roger et al., 1995; Niemi et al., 2003). In the vicinity of Gonga Shan, and in the Longmen Shan
to the north of the Sichuan Basin, peak elevations typically rise above the mean elevations of the
plateau and relict landscape to the north and west (resting between 4000 and 5000 m) and reach
heights greater than 6000 m. The additional uplift and deformation responsible for these higher
elevations has led to the highest rates of erosion in the region, and has been suggested to be
related to the dynamics of lower crustal flow (Kirby et al., 2003; Clark et al., 2005b). Crustal
flow may create local uplift and a sharp, dynamic topographic front where it collides with high
viscosity, resistant zones such as the Sichuan basin, and regional, long-wavelength uplift where it
is not resisted, such as where it moves southeast, down from the high plateau (Clark and Royden,
2000; Clark et al., 2005b). The latter argument helps to explain how patches of relict landscape
have come to define a low gradient trend in regional topography moving S-SE down from the
Tibetan plateau.
The initiation of river incision in major river gorges on the eastern margin is constrained
by thermochronological data that indicates that rates of rock cooling increased dramatically
between 9 and 13 million years ago, suggesting that regional uplift began at that time (Kirby et
al., 2002; Clark et al., 2005; Ouimet et al., 2007a). It is possible that regional river incision
lagged behind surface uplift and only accelerated erosion and incision with the arrival of an
additional factor, such as the late Miocene intensification of the Indian and East Asian monsoons
-8.5 Ma (Prell et al., 1992; Clift et al., 2006). New low-temperature results from within in the
upper Dadu River gorge have more tightly constrained accelerated incision at -10 Ma for the
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Dadu River (Ouimet et al., 2007a). Today, the eastern margin of the Tibetan plateau experiences
a moderate subtropical monsoon in the summer months (New et al., 2002). Annual precipitation
varies from -300-600 mm/yr in the semi-arid, mountainous regions up on the Tibetan Plateau, to
-1000-1500 mm/yr in areas adjacent to the Sichuan Basin (New et al., 2002). Quaternary alpine
glaciation has taken place throughout the region on mountain peaks which lie above -4300 m.
Overview of Transient Characteristics and Erosion Rates
The uplift of the eastern margin and subsequent incision by major rivers has created one
of the broadest, most dramatic examples of a transient landscape anywhere on earth. Major
rivers and their large tributaries have locally cut deep gorges 2 to 3 km below remnants of relict
topography, but the uppermost reaches of these rivers are typically not dissected. The
longitudinal profiles of these trunk rivers typically start at high elevations over 4000 m where
they run on the relict landscape (or are slightly incised into it) and gradually transition over
hundreds of kilometers into deep gorges characterized by high-relief and steep hillslopes
downstream. This is well represented in Figure 1, which shows that at least the upper half of all
of the trunk rivers are increasingly incised below the relict landscape. The amount of incision
into the relict landscape decreases in the lower portions of all major rivers as mean elevations of
the relict topography and the amount of total surface uplift decreases S-SE down from the
Tibetan Plateau. The steepest river channels (normalized against drainage area) are found within
the more deeply dissected portions of these rivers.
The incision by trunk rivers dictates the rate of erosion for local tributaries and adjacent
hillslopes throughout the eastern margin. Longitudinal river profiles of side tributaries to the
trunk rivers display a range of transient morphologies that deviate from equilibrium, concave
forms. They typically contain a variety of knickpoint types in terms of shape and size, and as a
whole, tend to have linear or slightly convex, rather than purely concave, longitudinal forms.
Many profiles indicate a progressive steepening of channel gradients moving downstream toward
the confluence with the trunk river. Hillslope angles, too, are commonly steepest in the lower-
most reaches of individual basins. A nice example of transient hillslope and river profile
morphology is the Zhong Qing River, a 70 km, 930 km2 tributary of the Dadu River (Fig. 3). We
observe this transient hillslope and river profile morphology in various scales on the eastern
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margin, from the entire upper Dadu (-550 km, 53,000 km2) to large tributaries such as the Zhong
Qing, to small side tributaries less than 20 km long and 100 km2 in area.
Due to the gradual transition of trunk rivers and large tributaries from relict topography to
deep gorges, a wide range of topographic morphologies can be found throughout the eastern
margin (Fig. 4). The end members of this range (relict and gorge topography) are easily
distinguished from one another. The relict landscape erodes slowly (<0.07 mm/yr) and is
characterized by wide, alluvium filled valleys, low-relief, and low slopes, with gentle, alluvial
rivers and soil-mantled hillslopes that are dominated by diffusional transport processes. Because
remnants of relict landscape topography are at high elevations (4000 - 4200 m) within the Dadu
and Yalong basins, evidence of peri-glacial processes is often found in association with them.
The gorge landscape, by contrast, erodes more rapidly (>0.4 mm/yr) and is characterized by
narrow, bedrock walled valleys, high-relief, and threshold hillslopes, with mixed bedrock-
alluvial rivers and mass-wasting hillslope processes dominated by landslides and debris flows.
The disequilibrium in erosion rate that exists between these two end-member landscapes, as well
as the different dominant erosion mechanisms, is typical of transient landscapes. The
transitional/intermediate landscapes between the two end members are characterized by an
increasing amount of incision below the relict landscape, steeper channel and hillslope gradients,
and higher erosion rates.
The erosion rates mentioned above are a summary of a previous study where we
systematically determined short-term (102 - 105 yr) basin-wide erosion rates derived from
concentrations of 10Be in quartz extracted from stream sediments in 65 small river basins
distributed throughout the eastern margin (Ouimet et al., 2007b). Erosion rates published in this
study range from -0.030 to 3 mm/yr, reflecting the wide range of topographic morphologies
observed and the gradual transition between relict and gorge landscape. Basins in this study
were carefully selected within the overall transient system to cover a wide range of hillslope
angles, normalized river channel gradients, and relief. We summarize the results here for the
purpose of this study, averaging erosion rates by type of landscape and geographic location on
the eastern margin (Fig. 4; Table 1). Later in this paper, we will put some of these rates directly
into the context of the transient river incision of the rivers discussed. For a full discussion of the
rates and methodology, as well as a more theoretical examination of erosion and topography,
please refer to Ouimet et al. (2007b).
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Observations and characteristics of transient river incision, disequilibrium erosion and
transient landscape adjustment on the eastern margin of the Tibetan plateau are not confined to
rivers of the Dadu and Yalong, which we study in detail. Research along the Red River to the
south of the Dadu and Yalong River basins, where there is less total dissection and surface uplift
but patches of relict landscape are still preserved, indicates that tributaries which drain off of the
relict landscape, down into the Red River display transient morphologies that signal ongoing
phases of uplift and dissection of the relict landscape (Schoenbohm et al., 2004). Also, to the
north of the Dadu, in the headwaters of the Yellow River, recent work has highlighted evidence
of a large signal of transient incision working its way up into the northeastern plateau margin
(Harkins et al., 2007). The erosion rates measured in this Yellow River study are similar to the
erosion rates measured from relict and transition landscape types in our study area (0.05 - 0.11
mm/yr), and are more broadly consistent with the upper portions of regional transient rivers.
APPROACH AND BACKGROUND
For the remainder of this paper, we explore the controls and characteristics of large-scale
transient river incision in response to regional uplift on the eastern margin. We concentrate our
analysis on the Dadu River. The Dadu River is representative of the major rivers in the region
(Fig. 1) and has been the focus of our fieldwork, detailed topographic analyses, and erosion rate
studies the past four years. Furthermore, the reconstruction of relict topography (Clark et al.,
2006), constraints on the timing of the initiation of uplift and incision (Clark et al., 2005;
Ouimet et al., 2007a), and estimates of short-term erosion rates that characterize differential
incision into the relict topography (Ouimet et al., 2007b) are all well characterized within the
Dadu. Our analysis has three main components: (1) a longitudinal profile and basin morphology
analysis of the two main branches of the Dadu River and their side tributaries; (2) a comparison
of erosion rates in relation to transient river incision of the Dadu trunk rivers, two large
tributaries of the Dadu (Zhong Qing and Zhe Qu), and the Li Qui tributary in the Yalong River
basin; and (3) a comparison the Dadu transient morphology with predictions from models of
transient profile evolution.
Topographic Scaling of River Profiles
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Fluvial longitudinal profiles of bedrock and alluvial rivers in various tectonic and climate
settings typically exhibit a topographic scaling where channel slope (S) and drainage area (A) are
related through a power-law relationship,
S = k A -  (1)
where k, is typically referred to as the steepness index and 0, the concavity index (Flint, 1974;
Howard and Kerby, 1983). We will utilize these indices throughout the Dadu River to explore
controls on the morphology of river profiles. Theoretical work suggests that 0 should commonly
fall within the range of 0.3 to 0.6 and be independent of rock uplift rate (Whipple and Tucker,
1999), but observed concavities along full channel lengths typically range from 0.3 to 1.2 and
may reflect non-uniform uplift or variations in lithology and/or sediment flux (Kirby and
Whipple, 2001; Sklar and Dietrich, 1998). The use of a reference concavity (Oref, typically 0.45
or 0.50) is widely accepted to derive a normalized channel steepness index (ksn), allowing for the
direct comparison of channel gradients despite widely varying drainage area (Wobus et al.,
2006). Many studies have shown that k, (or ksn) is expected to vary with uplift rate, climate, and
substrate erodibility (Synder et al., 2000; Lague and Davy, 2003; Kirby et al., 2003; Duvall et al.,
2004; Wobus et al., 2006). The relationship between k, and uplift may also be influenced by a
range of additional factors including channel width (Finnegan et al., 2005), erosion thresholds
(Synder et al., 2003), the role of sediment flux (Sklar and Dietrich, 1998), and debris-flows
(Stock and Dietrich, 2003).
Transient Profile Evolution
The empirical relationship for channel slope in Equation 1 has been shown to match
equilibrium channel slopes derived from numerous models of bedrock river incision. Such
models include those based on detachment-limited incision (erosion regulated by detachment and
abrasion of the channel as a function of shear stress on the bed), transport-limited incision
(erosion regulated by the sediment transport capacity of river channels, also a function of shear
stress on the bed) and more complex sediment-flux dependent incision models (erosion regulated
by sediment that can act as both a tool for incising the bed or as armor, inhibiting erosion)
(Willgoose et al., 1991; Howard, 1994; Whipple and Tucker, 2002; Parker, 2002; Sklar and
Dietrich, 2004; Gasparini et al., 2006, 2007). Although the equilibrium forms are similar for
these incision models, their behavior during transient profile evolution varies significantly, and is
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therefore a valuable tool for distinguishing between them (Crosby et al., 2007; Gasparini et al.,
2006; Gasparini et al., 2007). As a result, studies of transient landscapes that are actively
responding to a base-level change or a change in rock uplift are important for testing competing
models, as well as for developing and understanding controls on bedrock river incision and
refining landscape evolution models.
At any point during transient evolution, profile morphology and the patterns of erosion
and incision differ for each incision model (see Whipple and Tucker, 2002; Crosby et al., 2007;
Gasparini et al., 2006; Gasparini et al., 2007). Detachment-limited transient profile evolution is
described by discrete, kinematic waves of incision migrating upstream, with an upstream
segment of river in equilibrium with the old uplift rate and downstream segment in equilibrium
with the new uplift rate, separated by a knickpoint. Transport-limited transient profile evolution,
meanwhile, is described by nonlinear diffusion, with downstream channel changes decaying
rapidly upstream such that profile change is progressive and gradual at all drainage areas.
Sediment-flux dependent transient profile evolution behaves similarly to transport-limited
behavior in terms of progressive and gradual adjustment and longer response times, but is much
more complex. Transient behavior in sediment-flux dependent models depends upon the
magnitude of uplift change, local drainage area and hillslope response because sediment flux is
strongly affected by sediment delivery to channels from tributaries and adjacent hillslopes
(Gasparini et al., 2006; Gasparini et al., 2007).
These incision models predict a range of river profile morphologies that deviate from
smoothly concave forms, with a variety of knickpoint shapes and commonly linear or slightly
convex longitudinal forms. Transport-limited and sediment-flux dependent models typically
display lower concavities during transient profile evolution, which can even be positive in the
case of a sharp base-level drop, and distinct patterns of local incision rates, as a function of
drainage area, or more broadly, channel length (Whipple and Tucker, 2002; Gasparini et al.,
2006; Gasparini et al., 2007).
Landscape response is dependent upon a complex interaction between both channel
incision and hillslope erosion, but is still ultimately dictated by incision within channels, which
sets the boundary for all hillslope erosion. The critical role of the timing and pattern of sediment
delivery to channels in these models requires 2-D landscape evolution simulations, rather than
simplified 1-D profile evolution numerical codes, to more accurately analyze the transient
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response to base-level fall or change in rock uplift. For this reason CHILD (Tucker et al., 2001),
a 2-D landscape evolution model, has been used to examine transient response and the
interaction of trunk stream behavior with the related response of the entire tributary network
(Crosby et al., 2007; Gasparini et al., 2006; Gasparini et al., 2007). Future work will use CHILD
modeling to directly compare model results with morphologic and erosion for the Dadu River
presented in this paper.
METHODS
We use topographic analysis of river profiles, basin morphology and the relict landscape
to explore controls on the morphology of river profiles and transient river incision.
Side Tributary Analysis
We systematically analyze river profiles and basin morphology for 172 side tributaries
adjacent to the two main branches of Dadu River (Do Qu and Mar Qu) (Fig. 5; Table DR-1).
The side tributaries considered are typically less than 200 km2 (average size 102 km2 ) and the
main tributary stream channel is typically less than 35 km long (average length 18.7 km). Each
side tributary chosen for analysis represents a unique subset of eastern margin topography
typically lying within a uniform lithology, and locally adjusting to a base-level set by the trunk
incision rate. We extract elevations from the -90 m resolution Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) for each tributary basin and assign a distance
along the trunk rivers for each. We extract multiple measures of topography for each side
tributary: mean basin slope (a measure of hillslope steepness), mean basin k, (a measure of
channel steepness, normalized by drainage area), concavity of the channel network, basin relief
(a measure of the elevation range within a basin), and mean elevation. For a description of the
data source and full methodology for each measure of topography, please refer to Appendix 1.
The coarseness of our DEM (90 m resolution) limits our ability to study tributaries
smaller than -5 km2 and less than -5 km long. The transient landscape within the Dadu River
basin is so large that we can analyze large side tributaries and still have enough data to
systematically examine the entire system. Field studies for smaller transient landscape scales
would require higher resolution DEMs to employ a similar side tributary analysis to that done
here. Larger side tributaries are also advantageous because they remove the potential
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complication due to debris flows, which research has shown may significantly influence
channels with drainage areas as high as 5 -10 km2. In addition, they are big enough (>25 km2) to
allow appropriate mixing of shallow landslides and their effect on sediment supply and measures
of basin-wide erosion rates (Niemi et al., 2005). We limit the upper size of side tributaries (-<
200 km2) to focus our analysis on tributaries locally adjusting to trunk incision. Tributaries
larger than 200 km2 within the Dadu River basin commonly have more complex morphologies,
similar to the trunk rivers (e.g., Zhong Qing, Zhe Qu and Li Qui rivers).
Trunk Analysis
For the two main branches of the Dadu River, we extract longitudinal profiles from the
-90 m SRTM DEM. In areas where SRTM data is missing within the river gorge, the profile is
inferred from adjacent points (affects < 2% of the profile). We also extract an inferred elevation
of the relict landscape above each profile elevation. The longitudinal profile is smoothed and an
array of slope-area data is calculated. Due to the effects of large drainages compacting slope-
area data, we analyze slope-area data for trunk rivers over evenly spaced channel intervals to
determine how gradient changes moving downstream (normalized by area) (for details of this
methodology see Wobus et al., 2006). We typically use average ksn values for channel intervals
over 10 km windows, compared to 1 km windows for the side tributary analysis.
Use of Relict Topography
We use the relict topography as a datum and record of how much surface uplift and
incision has occurred since regional uplift began (Clark et al., 2006). To reduce uncertainty in
the assumed/ predicted level of the relict landscape, we focus our analysis on areas where
patches of relict landscape lies in close proximity to the trunk rivers, based on the mapping in
Clark et al. (2006) and an interpolated surface derived by them from well preserved patches (Fig.
1). There is greater uncertainty in locations where relict landscape remnants do not exist, or
where topography is currently higher than would be expected from nearby patches, since there
may be more (or less) uplift, erosion and incision in these areas. These include areas adjacent to
the Sichuan Basin, where there has been more uplift and erosion, and areas that have experienced
substantially more glacial erosion than others.
High elevation topography displays varying degrees of erosion due to alpine glaciers as a
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result of where topography was in relation to the relict landscape at the time uplift began, or as
the result of non-uniform uplift. At high elevation, a difference of as little as 200-300 m relative
to the relict landscape elevations (4000-4200 m) may be all that is necessary to initiate glacial
erosion. The degree of glacial erosion (i.e., depth of alpine glacier valleys, cirque wall heights,
run-out of moraines, etc.) increases with the elevation of peaks relative to nearby elevations of
relict topography elevation. We quantify our uncertainty in the amount of erosion that may have
occurred on relict topography due to glaciers into the relief bounds that we typically apply in
reconstructions of relict topography and estimates of its elevation above present river elevation
(i.e., +/- 200-500 m). We calculate a long-term averaged incision rate into relict topography by
determining the distance between predicted elevation of relict topography and the present
elevation of the trunk river and dividing by a 10 Ma age for the initiation of incision (Clark et al.,
2005; Clark et al., 2006; Ouimet et al., 2007a). Uncertainty in this estimate of long-term average
incision rate comes from +/- 500 m relief for the relict topography, and an age range of 8-12 Ma
for the initiation of incision.
Dadu Terminology
As mentioned previously, we focus our analysis on the Dadu River basin. The Dadu
River is 1,040 km in length and has a drainage area of 76,420 km2 when it joins the Min River in
the Sichuan Basin at an elevation of 320 m, which is its base-level. The upper half of the Dadu
River is split into two main trunk rivers, which we discuss as the Mar Qu and Do Qu trunk rivers
of the Dadu. The Mar Qu is slightly larger than the Do Qu; at their confluence (at 2280 m), the
Mar Qu has a drainage area of 23,265 km 2 and is 43 km longer than the Do Qu, which joins with
a drainage area of 16,012 km2 . We refer to the rest of the Dadu River, downstream of the Mar
Qu/Do Qu confluence, as the lower Dadu trunk. A few specific locations within the lower Dadu
trunk that we will discuss are: near Danba, where the Dadu trunk river joins three large
tributaries in a star-shaped pattern; the Dadu gorge (DG), which is a fault bounded block
associated with the Xianshuihe Fault as it curves into and then runs along the lower Dadu trunk
river valley; and the Dadu bend (DB), which is where the lower Dadu trunk river turns east and
eventually flows into the Sichuan Basin (locations noted in Fig. 5 [Map] and Fig. 6 [Profile]).
The Xianshuihe Fault leaves the lower Dadu trunk river valley at the Dadu bend. The upper
portion of the Dadu (upstream of Danba; -550 km, 53,000 km2) lies entirely within the Songpan-
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ganze flysch terrance, with a few granite plutons outcropping within the river gorges. This upper
portion of the Dadu River basin also has well-preserved remnants of relict landscape at -4200 m
(Fig. 1). Lower parts of the Dadu River basin, particularly in the vicinity of the Dadu Gorge
section and 100-150 km of river length upstream, may be significantly affected by additional
uplift and erosion inferred in the Gonga Shan (GS) and in the Longmen Shan mountains. In
these areas, there are no well-preserved remnants of relict landscape.
RESULTS AND DISCUSSION
Dadu Side Tributaries
The analysis of side tributaries throughout the Dadu River basin reveals systematic
variations in river profile and basin morphology moving downstream along these large rivers,
broadly reflecting an increasing degree of dissection below regional relict topography (Fig. 6).
The behavior of both Mar Qu and Do Qu patterns are similar, with slightly higher relief and
lower mean elevations in the Mar Qu relative to the Do Qu, reflecting more incision by the Mar
Qu trunk river compared to the Do Qu trunk river. The highest values of mean basin slope, mean
basin ksn and basin relief are found within the lower Dadu trunk river; the lowest values of these
metrics are found in the headwaters of the Mar Qu and Do Qu associated with side tributaries
that lie within relict topography. Downstream of the Dadu bend, mean elevations, basin slope,
basin ks, and basin relief,all decrease as the Dadu river enters into the margins of the Sichuan
Basin and is no longer dissecting plateau topography. The average channel concavity of all side
basins is -0.31, which is on the low end of normal concavities and may reflect the fact that many
of these side basins are themselves experiencing transient evolution (i.e., Gasparini et al., 2007).
Side tributary patterns of mean basin slope, mean basin k,, and basin relief reflect
hillslope and channel response to increased dissection of the relict landscape and a gradually
increasing erosion/incision rate down the Dadu. The pattern in mean basin slopes agrees with
the idea that hillslope gradients reach threshold values set by soil and/or rock strength and
become insensitive to further increases in erosion rate (Schmidt and Montgomery, 1995;
Burbank et al., 1996; Roering et al., 2001; Montgomery and Brandon, 2002; Ouimet et al.,
2007b). After hillslope angles have reached threshold values, normalized river channel gradients
and local relief become more sensitive indicators of erosion (Anhert, 1970; Montgomery and
Brandon, 2002; Vance et al., 2003; Safran et al., 2006; Wobus et al., 2006; Ouimet et al., 2007b).
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Mean basin ksn and basin relief correlate well because ksn and length of the main tributary basin
channel determine basin relief, and all of the side tributaries analyzed have similar lengths. Mean
basin k,,, basin relief and mean elevation, are basically tracking progressive incision into relict
landscape topography, and more broadly into the uplifted plateau margin.
The pattern of mean basin slope moving downstream reflects two additional aspects of
the Dadu basin. First, between 150 and 550 km, there appears to be an increasing trend in mean
basin slope that may reflect how each of these side tributary basins is a transient basin with
steepest hillslope values in the lowermost reaches and remnants of low-slope topography in their
headwaters. The tendency for increasing transient adjustment moving down the Dadu could
have the effect of averaging more threshold hillslope values, slowly increasing the mean basin
hillslope value. Second, the jump in mean basin slope near Danba at -550 km and increase in
variability corresponds with a change in lithology from flysch to metamorphosed sediments and
basement granites/gneisses, which are stronger rocks that may actually resist slope failure and
lead to higher slope values. However, the higher rates of incision and erosion with this section
of the lower Dadu trunk river are also associated with large landslides (Ouimet et al., 2007c),
which may actually have the effect of relaxing some steep slopes and leading to greater
variability in mean basin slope.
Dadu Trunk River Analysis
The analyses of slope-area for the Mar Qu and Do Qu Dadu trunk rivers support the
general idea that trunk rivers are trying to equilibrate with increasing regional uplift rates and
attain higher equilibrium channel gradients (Fig. 7c and 7f). Meanwhile, when analyzed over
evenly spaced channel intervals moving downstream, slope-area analysis indicates a general
trend of increasing normalized channel gradients, and highlights a zone of equilibrated channels
>1010 m2 in drainage area punctuated by sections with relative lower or higher normalized
channel gradients. The higher normalized channel gradients are associated with more resistant
lithology, large landslides, and localized, faster uplifting blocks; the lower normalized channel
gradients are associated with prolonged stretches of alluvial rivers (Fig. 7a, b, d, and e). These
prolonged stretches of alluvial rivers are typically zones of constant average channel k,, whose
value is typically lower than sections upstream and downstream. These alluvial reaches are
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typically found directly upstream of stretches of river with high average channel ksn associated
with more resistant lithology, large landslides, and localized, faster uplifting blocks.
We can also compare local trunk river ksn with side tributary mean basin kn. This
indicates some interesting differences between the Mar Qu and Do Qu trunk rivers. On the Do
Qu there is a nice match between local trunk river k, and side tributary mean basin kn,
suggesting that side tributaries are indeed locally adjusted and in balance with trunk incision
rates (Fig. 7c). On the Mar Qu, there is an increasing trend moving downstream for both local
trunk river k,n and side tributary mean basin ksn, but trunk values tend to be lower than side
tributary values (Fig. 7f). The Mar Qu cuts directly through a granite pluton in this section of
discrepancy between trunk and side tributary ksn; the Do Qu does not. This could explain the
differences observed. The granite could have caused a younger knickpoint to form along the
trunk river, changing the pattern of trunk kn and lowering gradients upstream. The area of low
trunk k, downstream of this granite corresponds to a stretch of alluvial river along the Mar Qu.
One additional point worth discussing is that three zones of the lower trunk kn along the
lower Dadu trunk river south of the confluence of the Do Qu and Mar Qu correspond to local
decreases in mean basin ksn for side tributaries adjacent to the trunk river in those rivers. The
actually values of trunk ks match the values of side tributary k, in the lower two alluvial
reaches, but not in the upper one. The lower two alluvial reaches sit behind a more resistant
lithology (granite) and a localized, faster uplifting block. The upper alluvial reach sits behind an
area associated with more resistant lithology and large landslides, and is a stretch of river
previously argued to be where large landslides and dams continually dam stretches of river up to
100 km in length, forcing them to become alluviated (Ouimet et al., 2007c). Perhaps continual
damming in this area has allowed side tributaries in the region to adjust to a long-term average of
active landslide dams for some percentage of time, with the present day lower values of trunk k,
reflecting a young, recent landslide dam that has caused the upstream channel to be filled in with
alluvial gravel and adjusted to the base-level set by the current height of the landslide dam.
Erosion rates and transient river incision
As mentioned earlier and highlighted in Ouimet et al. (2007b), short-term (102-105 yr)
erosion rates vary as a function of location within these large river systems, lying somewhere on
a continuum between slow erosion associated with remnants of unadjusted, relict topography,
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and fast erosion associated with the deep river gorges. Long-term (106 - 107 yr) erosion rates, too,
vary as a function of location within these large river systems. Low temperature
thermochronology indicates that in the deep river gorges, long-term erosion rates are between 0.3
and 0.4 mm/yr (Clark et al., 2005; Ouimet et al., 2007a). These high rates of long-term erosion
are only found in the deepest river gorges. In most other places in the region, including relict
topography, old cooling ages indicate slow cooling and imply slow erosion rates since the early
Cenozoic. In these locations, long-term average erosion rates for the last 10-15 Ma vary directly
with the amount of dissection below relict topography.
Trunk river and side tributary analyses indicate that relief, river gradients, and hillslope
morphology all vary systematically moving downstream along these large rivers, broadly
reflecting an increasing degree of dissection below regional relict topography. The implication
of these trends is that erosion rates increase systematically moving downstream as well. One of
the main results from the Ouimet et al. (2007b) is that specific combinations of mean basin slope
and mean basin ksn for small basins can be used to extract valuable information about both the
processes and rates of short-term erosion. All of the side tributary basins adjacent to the Dadu
analyzed in this paper can be put into the exact same context. Figure 8 shows a summary plot of
all Dadu side tributary morphology, plotted along with a summary of the results from Ouimet et
al. (2007b). The systematic increase in mean basin ks, observed moving downstream along the
Dadu trunk rivers, therefore, predicts increasing erosion and increasing incision rates along the
Dadu. Since these side basins are locally adjusting to trunk incision rates, we also interpret this
as faster rates of incision by trunk rivers moving downstream.
We also directly compare the relative rates of erosion and incision implied by these
patterns with erosion rates determined over a number of different timescales. We do this for the
Mar Qu and Do Qu Dadu trunk rivers, two large tributaries of the Dadu (Zhong Qing and Zhe
Qu), and the Li Qui tributary in the Yalong River basin. The erosion rates we use are: (1) long-
term average incision rates based on the amount of incision below the relict topography and
constraints on when incision began (assuming no significant spatial trend in onset time at the
scale of the Dadu); (2) short-term 10Be basin-wide erosion rates representing the erosion rate of
side tributaries adjusted to these rivers, collected at the spot indicated along the profile (Ouimet
et al., 2007b); and (3) long-term incision rates from apatite helium thermochronology (Clark et
al., 2005; Ouimet et al., 2007a). These long-term rates come directly from age-elevation
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relationships (upper Dadu; lower Li Qui) that do not need to assume a geothermal gradient, or
from individual ages (lower Dadu, upper Li Qui) requiring an assumed geotherm (we use
-40'C/km) and Ap He closure temperature of -70 0 C. The long-term average incision rates into
relict landscape are relevant over of the last 8-12 Ma; short-term 1°Be rates are relevant for the
last 102-105 years, depending on rate; and long-term Ap He rates are relevant only over the
period of time from the Ap He ages to the present (1 to 57 Ma in the data considered).
In all cases, short-term 1oBe basin-wide erosion rates agree with long-term rates (Fig. 9).
In other words, there is remarkable agreement of erosion rates calculated over different
timescales located within different parts of the overall Dadu River transient system. The
negligible difference between short and long-term rates implies that trunk incisions at each
location are slowly varying in time, allowing side tributary erosion rates to keep pace with and
adjust to trunk incision rates. It also indicates that long-term incision rates match the expected
amount of incision from time-average, gradual dissection of the relict landscape, which suggests
that the incision response in all parts of the landscape began at the same time. Uniform onset is
predicted to occur from transport limited and sediment-flux dependent models of river incision.
The long-term average incision rates into relict landscape for the lower Dadu trunk river and
lower Li Qui are not calculated because there are no good remnants of relict topography and
these areas are known to have experienced an unknown amount of extra surface uplift of
previous topography (Fig. 9a-c). If we assume that long-term average incision rates into relict
landscape should match short-term rates, this requires 1500-2000 m of differential uplift for the
lower Li Qui, and 2500-3000 m for the lower Dadu.
The patterns of erosion and incision implied from topographic analyses and observed in
the erosion rates are indicative of slow transient river incision and the transient morphologies of
these rivers. The large tributaries of the Mar Qu (Zhe Qu tributary) and Do Qu (Zhong Qing
tributary) are nice examples of this situation. Short-term erosion rates for the Mar Qu and Do Qu
trunk rivers within their upper halves do not reflect this quite as well. This may only be because
the two rates downstream of the Mar Qu/Do Qu confluence are lower than they should be.
Recall that this area has lower trunk and side tributary ksn that reflect an alluvial reach behind a
large landslide dam. The sediment collected in these basins may be affected by a higher amount
amount of 10Be stored within these alluvial rivers. A related caveat is that the short-term 1oBe
basin-wide erosion rate technique incorporates a large amount of geomorphic uncertainty that is
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not represented in the error bars. The response time of these rivers is also very slow, but 10Be
erosion rates are never relevant for more than 102- 105 years, and may reflect young, recent
perturbations. Having given these caveats, however, there is general agreement with the idea
that erosion increases gradually and systematically moving downstream on the Dadu.
Tectonic implications
We focused on the Dadu as representative of all major rivers on the eastern margin.
Similar to the Dadu, all major rivers display a relatively smooth, convex upper profile that
progressively steepens moving downstream, which is contrasted with a steep lower profile
(normalized against drainage area) that has many knickpoints (Fig. 1). In the Yalong and
Yangtze, preliminary analyses indicate that at least some of these knickpoints are related to large
landslides, lithologic contrasts, or active faults in a similar fashion to that observed in the Dadu.
This similarity in morphology of regional rivers suggests that the signal of river response to
regional uplift observed and characterized in the Dadu broadly describes the behavior in these
other rivers. Further analysis of the topographic trends that characterize transient profile
evolution in these other major rivers is beyond the scope of this paper.
At the scale of rivers dissecting the margin (i.e., 500-1000 km), the pattern of erosion and
river incision reflects the signal of transient river incision. Superimposed on this large-scale
signal of transient river incision are small scale variations in channel gradients that reflect
differences in bedrock lithology and channel morphology, the influence of large landslides, and
local non-uniform uplift related to active faults. The influence of additional tectonic deformation
adjacent to the Sichuan basin, such as observed in the Longmen Shan (Kirby et al., 2003), may
also be involved. The highest erosion rates, highest relief and higher trunk and side tributary ks,
on the Dadu occur in the vicinity of Gonga Shan, the area known for rapid deformation and
exhumation (Roger et al., 1995; Niemi et al., 2003). The area could be viewed as the western
extension of the band of steepest channels and highest erosion rates mapped in the Longmen
Shan and Min River drainage to the east of the Dadu. The pattern of erosion in the Dadu does
not reflect variations in uplift, mainly because it is not in quasi-steady as in Min. The fact that
the Min does reflect spatial variations in uplift in river gradients likely speaks to its smaller size,
and the fact that such rivers have adjusted to uplift and erosion, and to their variations.
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The erosion rates are higher in the Dadu extension of this band of uplift and deformation,
at least near Gonga Shan, but this is also where the Dadu trunk is steepest. Does that band
extend west into the other major rivers? The steepest sections in all regional rivers (indicated in
Figure 1) are somewhat consistent with the extension of the band of higher uplift and erosion.
This also correlates with the deepest gorges below relict topography, where remnants of relict
topography are not well-preserved, and where there is a ridge/bump in the reconstruction of the
regional relict topography (Fig. 1). The discrepancy between the Yalong and Dadu River's
steepest sections can be accounted for by the 60 km of offset by the Xianshuihe Fault between
them. Is this band associated with sustained uplift and deformation related to the geodynamic
evolution of the region?
CONCLUSIONS
Major rivers and their tributaries on the eastern margin of the Tibetan plateau have
dissected the eastern margin, cutting gorges locally 2-3 km below remnants of uplifted, low-
relief relict topography. However, the steep topography and higher rates of incision and erosion
associated with these deep gorges (>0.4 mm/yr) has not propagated throughout the entire region
and parts of the landscape still erode slowly (<0.1 mm/yr). The persistence of these
disequilibrium rates of erosion despite at least 10 Ma of fluvial dissection indicates the slow and
evolving transient river response of large rivers in the region. The transition major rivers make
off relict topography into the gorges is gradual, allowing for a wide range of landscape types to
exist as a function of where they lie within in the overall transient.
We have investigated longitudinal profiles to analyze a snapshot in the evolution of a
large transient river, the Dadu River. The study like the one we have done here thus provides a
valuable case study of a large, actively evolving transient landscape. The morphology of river
profiles and basin topography in side tributaries of the Dadu River reflect an increasing degree of
dissection below the regional relict topography and local adjustment to trunk incision rates.
Trunk rivers at large drainage areas display local variations and dependence upon lithology,
landslides, alluviation, and local non-uniform uplift related to active faults, but still show general
adjustment to higher regional uplift with higher gradients. Side tributary morphology closely
tracks the trunk rivers and is not affected by perturbations which might alter the present trunk
profile and calculated slope values.
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Trunk incision rates increase moving downstream along the Dadu River as a function of
progressive adjustment to regional uplift, best modeled as lying within the transient profile
evolution of a river responding to an increase in uplift rate through sediment-flux-dependent
incision. Within models of transient river profile evolution, most significant are the interesting
details of the responses to an increase in uplift or base-level fall, such as the dynamic response of
channel network concavity, as well as unique patterns of incision through space (function of
drainage area) and time. Measurements of erosion rate over multiple timescales support
sustained disequilibrium rates of erosion as a function of location within the transient response of
major rivers and their large tributaries. The incision on trunk rivers sets the pace for all incision
into the relict landscape throughout these river networks and ultimately the dissection and
geodynamical evolution of the entire plateau margin.
The morphology of the Dadu River and pattern of erosion and incision exhibited by 10Be
data, channel gradients, and depth of river gorge thus relates directly to the dynamics (timing,
magnitude, spatial distribution) of topographic development (i.e., uplift) and concurrent river
incision. In future modeling we will to elucidate different scenarios for the timing, magnitude,
and spatial distribution of uplift using different erosion models for landscape response.
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FIGURE/TABLE CAPTIONS
Figure 1: Regional Topography and Rivers
(a) Overview map of regional topography and rivers of the eastern margin of the Tibetan Plateau.
(b) Patches of low-relief, relict landscape preserved at high elevations. Bold contours are
derived from an interpolated fit to all remnants of relict landscape. For a detailed description of
the criterion used to identify patches of relict landscape and details of interpolation, see Clark et
al., 2006. (c) Topographic cross-section (path A to A' indicated in (a)), extracted from the -1
km resolution GTOPO30 Digital Elevation Model (USGS, 1993). (d), (e), (f), (g) and (h)
Longitudinal profiles of the major rivers dissecting the eastern margin extracted from 90 m
SRTM data plotted along with projections of the relict landscape. Notes: horizontal scale is
different for each profile. Bold light-gray sections of relict landscape indicate where well-
preserved remnants of relict landscape exist within 30 km of the river gorge. Dashed gray lines
indicate typical relief bounds for the relict landscape patches (+/- 500 m). Dashed, light-gray
bold lines represent elevation of relict topography from the interpolated fit to all remnants. The
beginning and end of the steepest river sections (normalized by drainage area) of each major
river are indicated by rectangles placed along the rivers in the overview map (a) and all the
profiles [(d) through (h)]. Confluence of Mar Qu and Do Qu tributaries of the Dadu River
indicated by white circle in (a) and (d).
Figure 2: Geologic Map
Tectonic and geologic map of the study area, adapted from Burchfiel et al. (in preparation).
Map highlights the upper Dadu River basin as lying completely within the Songpan-ganze flysch
terrane, intruded by Mesozoic granite plutons.
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Figure 3: Zhong Qing River - Transient hillslope and river profile response
The Zhong Qing River is a tributary of the Dadu River. It is 70 km long, has 1500 m of fluvial
relief and drains a total area of 930 sq km. Note progressive steepening of channel and hillslopes
approaching the outlet at the Dadu River. The transient river profile morphology on this river is
typical for the region, where a diffusive, smooth, low-gradient upper profile is contrasted with a
steep lower profile that has many knickpoints. Note basins where we have measured basin-wide
erosion (rates indicated on map [mmlyr]).
Figure 4: Landscape Photos
(a) Relict landscape (-4200 m), short-term erosion rates: < 0.05 mm/yr; (b) Transition (gentle)
(-3600 m), short-term erosion rates: 0.05 - 0.08 mm/yr; (c) Transition (intermediate) (-3300 m),
short-term erosion rates: 0.08 - 0.12 mm/yr; (d) Transition (steep) (-2900 m), short-term erosion
rates: 0.12 - 0.30 mm/yr; (e) Gorge landscape (-2400 m), short-term erosion rates: > 0.30 mm/yr.
All erosion rates from Ouimet et al. (2007b).
Table 1: Summary of short-term (102-105) erosion rates (Ouimet et al., 2007b).
We average erosion rates and topography data by landscape type and by geographic location.
Note that for the gorge landscape, we average erosion rates and topography data with and
without outliers.
Figure 5: Dadu Index, Slope and ks, map
(a) Dadu side tributary index map. We have analyzed river profiles and basin morphology for
172 side tributaries adjacent to the Dadu trunk rivers (Mar Qu and Do Qu). (b) Slope map for
the Dadu River basin and adjacent area. Blue patches away from the Sichuan Basin are remnants
of relict topography. (c) Methodology for calculation of topographic data: area, basin relief,
mean elevation, mean basin slope, channel concavity, and mean basin ks,. (d) Map of 1 km ks,
values from the main channels within each side tributary basin. All 1 km ks, values are based off
of a reference concavity of 0.45. The exact value of the reference concavity does not matter, but
it must stay consistent from basin to basin to normalize all channels similarly.
Figure 6: Topographic trends plotted against distance downstream within Dadu River basin.
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(a) Longitudinal profile of Do Qu trunk river; (b) Longitudinal profile of Mar Qu trunk river; (c)
Mean basin slope; (d) Mean basin ks,; (e) True concavity for entire side tributary basin network.
Bold gray line indicates mean concavity of all basins (-0.31); (f) Basin relief; (g) Mean basin
elevation. For all topographic trends, the gray data points are for Do Qu River and Dadu Trunk,
and the white data points are for Mar Qu River.
Figure 7: Trunk Analysis of the Do Qu and Mar Qu Rivers.
(a) Longitudinal profile of Do Qu trunk river; (b) Slope-area data profile of Do Qu trunk river
extracted from 90 m DEM (SRTM). (c) Plot of local Do Qu trunk river k, (averaged over 5 km)
vs. side tributary mean basin ksn moving downstream; (d) Longitudinal profile of Mar Qu trunk
river; (e) Slope-area data profile of Mar Qu trunk river extracted from 90 m DEM (SRTM); (f)
Plot of local Mar Qu trunk river ks, (averaged over 5 km) vs. side tributary mean basin k,
moving downstream. Note the best fits indicated in the slope-area plots for two channel
segments: the uppermost 150 km and the lowermost 750 km of each trunk river. The two fits for
each segment give the true concavity and the normalized channel steepness (kn) using a
reference concavity of 0.45.
Figure 8: Erosion and Basin Morphology
Summary plot comparing all Dadu side tributaries analyzed with basins for which we have short-
term erosion rates (Table 1). All Dadu side tributaries are plotted as gray points with their mean
basin slope values against mean basin ks values. White boxes represent landscape types
depicted in Figure 4 with average erosion rates, average mean basin slope and average mean
basin k,, summarized in Table 1. Numbers inside the boxes indicate the number of erosion rate
basins within that particular landscape type.
Figure 9: Transient Morphology and Erosion Rates
(a) Dadu Do Qu; (b) Dadu Mar Qu; (c) Li Qui; (d) Zhong Qing; (e) Zhe Qu. Long-term average
incision rate into relict topography is calculated by differencing the relict topography elevation
and trunk river elevation and dividing by a 10 Ma age for the initiation of incision. Error bars
come from +/- 500 m relief for the relict topography, and a conservative age range of 8-12 Ma
for initiation of incision. For the Li Qui, Zhong Qing and Zhe Qu river where we have well-
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preserved remnants of topography, we use +/- 200 m relief of the relict topography. Short-term
1
°Be basin-wide erosion rates represent the erosion rate of side tributaries to these rivers
collected at the location indicated along the profile (Ouimet et al., 2007b). Long-term rates come
from Ap He age-elevation transects (upper Dadu; lower Li Qui) or single ages (lower Dadu;
upper Li Qui) (Clark et al., 2005; Ouimet et al., 2007a). To get long-term rates from single Ap
ages, we assume a geothermal gradient of 40 'C/km and an Ap He closure temperature of 720 C,
which is consistent with data from the age-elevation transects.
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Table 1 - Summary of Basin-wide Erosion Rates (Ouimet et al., 2007b)
# of Avg. Basin Avg. Mean Avg. Mean Avg. Mean Avg. Basin Avg. ErosionGrouping basins Area (km2) Elevation (m) Basin Slope Basin k,, Relief (m) Rate (mm/yr)(deg)
by Landscape Type
Relict Landscape 8 44.5 4171 ± 171 9.8 ± 4.3 49 ± 25 485 ± 222 0.044 ± 0.02
Transition (Gentle) 9 39.2 4040 ± 160 20.5 ± 3.0 114 ± 44 1036 ± 249 0.100 ± 0.06
Transition (Intermediate) 11 32.7 4070 ± 147 23.8 ± 2.3 176 ± 35 1322 ± 278 0.145 ± 0.07
Transition (Steep) 16 38.0 3611 ± 548 28.3 ± 2.3 257 ± 49 2121 ± 568 0.211 ± 0.1
Gorge Landscape 20 36.9 3455 ± 744 30.3 ± 2.8 335 ± 72 2775 ± 871 0.786 ± 0.85
Gorge Landscape* 15 33.6 3406 ± 755 30.3 ± 3.2 322 ± 70 2542 ± 719 0.400 ± 0.12
by Geographic Location
Upper Dadu 19 39.2 3944 ± 285 23.2 ± 4.8 174 ± 75 1351 ± 427 0.128 ± 0.05
Lower Dadu** 13 32.8 3239 ± 752 30.2 ± 3.3 311 ± 81 2650 ± 849 0.405 ± 0.14
Upper Yalong 6 47.2 3995 ± 169 25.3 ± 2.1 189 ± 45 1575 ± 505 0.129 ± 0.05
Lower Yalong** 3 40.5 3558 ± 527 29.1 ± 3.7 325 ± 88 2388 ± 510 0.361 ± 0.05
Upper Li Qui 10 28.3 4135 ± 181 13.0 ± 7.0 72 ± 55 632 ± 375 0.042 ± 0.01
Lower Li Qui 3 51.7 4463 ± 66 26.0 ± 1.1 282 ± 54 2055 ± 468 0.290 ± 0.09
Min River 5 33.2 3385 ± 498 30.2 ± 3.7 251 ± 53 2119 ± 459 0.270 ± 0.04
Gonga Area 3 50.0 3789 ± 1009 30.2 ± 1.8 390 ± 80 3664 ± 1340 2.461 ± 1.11
* Excludes Gonga area rates (3 basins) and outliers (2 basins)
** Excludes one outlier
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Chapter 7
Conclusions and Implications
The preceding chapters provide valuable insight into transient river incision and the
processes, rates and landforms involved in the dissection of the eastern margin of the Tibetan
Plateau. The focus of my work was on the Dadu and Yalong rivers, but the conclusions I discuss
have implications for other river gorges in the region and the eastern margin, in general, as well
as more theoretical application to actively incising and transient landscapes around the world.
Chapters 2 and 3 focused on two specific processes and landforms related to river
incision: the influence of landslides and the formation of epigenetic gorges. Both of these
aspects of river incision may be tightly related to the specifics of transient river incision or
climatic perturbations, or more broadly related to the process of incision for any actively incising
landscape. The influence of landslides and epigenetic gorges are indicative of the variability of
short-term bedrock river incision and autogenic dynamics of actively incising fluvial landscapes.
As a result, strath terraces and sculpted bedrock walls that form in relation to epigenetic gorges
and landslide dams should not be used to directly infer river incision induced by tectonic activity
or climate variability. Furthermore, in the context of bedrock river incision and landscape
evolution, these features slow long-term incision and delay the adjustment of rivers to regional
tectonic and climatic forcing. Within models of landscape evolution, therefore, I argue that it is
necessary, at a minimum, to include a coefficient of river incision efficiency, which speaks to the
spatial and temporal intermittency of incision due to the effects of stable landslide dams (which
epigenetic gorges fall under). On the eastern margin, these aspects of river incision may have
contributed to the perpetuation of disequilibrium erosion and allowed remnants of relict
topography to remain preserved in this landscape, slowing the transient response of regional
rivers.
Extracting information about the forces shaping the earth's surface directly from
topography is an invaluable tool for all earth scientists. Thus I believe that the dataset I present
in chapter 4, linking topography and erosion, provides valuable information for researchers
interested in landscape evolution as well as engineers, planners and managers who are faced with
preparing for, and dealing with, the sediment shed from mountainous landscapes. The shape and
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magnitude of the functional relationships between erosion rate and topography will likely be
unique to different landscapes, but I expect the patterns to be robust. Regardless of the
magnitude and details of the trends, my data show that specific combinations of mean basin
slope and mean basin ksn can be used to extract valuable information about both the processes
and rates of short-term erosion. Such information is fundamental to understanding the evolution
of landscapes, potential feedbacks among erosion, tectonics and climate, and the controls on the
delivery of clastic sediments to both terrestrial and marine depositional basins. My chapter 4
dataset also speaks to the utility of transient landscapes for the study of the effects of processes
related to, and controls on, a wide range of erosion rates in single setting with relatively uniform
lithology and climate. The large scale of the transient landscape on the eastern margin, with its
continuum of erosion rates and topographic morphologies, was perhaps the most important
element facilitating this dataset. Smaller scale transient landscapes (e.g., the Waipaoa in New
Zealand (Crosby and Whipple, 2006)) would not allow for such a comprehensive dataset to be
collected using 1OBe in river sand, as done here.
Chapter 5 provides valuable, new constraints on the timing of rapid incision and the rates
of long-term erosion that directly speak to the tectonic history of the eastern margin. My data
both confirms and more tightly constrains the previously hypothesized notion of broad,
synchronous plateau uplift and subsequent incision by regional rivers (Clark et al., 2005). The
regional consistency of the data indicate that the eastern margin uplifted at about the same time,
and that incision into uplifting topography has been relatively constant and uniform in the region
throughout the late Cenozoic. There is also now good evidence that certain areas on the eastern
margin may deviate from a simple regional context model of accelerated incision into an uplifted
relict topography, or at least that significant variability exists in the broad response of the large
rivers dissecting the margin. The eastern margin is widely known to be experiencing broad,
long-wavelength, intra-continental deformation associated with continued convergence of the
Indian subcontinent with Eurasia (Molnar and Tapponier, 1975). However, the exact
mechanisms of deformation are debated (Tapponier et. al, 1982; England and Houseman, 1986;
Royden et. al, 1997; Clark and Royden, 2000), and the timing of this deformation is not well
constrained. My new dataset therefore allows for some new insight into these deformation
mechanisms. Could the deviation be related to deformation that initiated prior to the
deformation associated with regional uplift? Regional surface uplift has been argued as the
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isostatic response to crustal thickening and is thought to be driven by the flow of weak lower
crust material from beneath Tibet into adjacent regions to the east (Royden, 1996; Clark and
Royden, 2000). Could there have been local deformation on the eastern margin prior to regional
uplift, perhaps similar to the foreland deformation observed on the northeastern margins of
Tibetan plateau today? My data does not conclusively prove any of these ideas, but it does
suggest new and interesting details to the tectonic history of the region.
My synthesis of transient river incision in chapter 6 provides a unique look at a large,
actively evolving transient river. One of the important implications from this chapter is the
agreement of erosion rates calculated over different timescales and located within different parts
of the overall transient system. The agreement of erosion rates calculated over long and short-
term timescales is often argued to be indicative of steady-state, equilibrium tectonic and
landscape evolution. However, I see agreement in erosion rates calculated over different
timescales in an un-steady, disequilibrium transient landscape. The reason for this is twofold: (1)
the scale of the transient is large and transient evolution is slow; and (2) I am dealing with young
dissection of older topography and rocks. I am also analyzing erosion rates over a large spatial
scale. The important lesson is to be careful when interpreting erosion rates calculated over
different timescales.
What I argue here as the transient nature of the eastern margin of the Tibetan Plateau has
enabled us to not only better understand the mechanism of landscape evolution, but also
construct overarching models of erosion and river incision transferable to landscapes around the
world. I hope that the data I presented here has illustrated the important roles that events such as
landslides and features such as epigenetic gorges have played in the development modern
topography. Furthermore, I hope that the models derived from these data cannot only be used by
researchers to further our general understanding of long-term, large-scale erosional processes,
but might also contribute the development of predictive and preventative tools against the
dangers posed to human life by instantaneous mass-wasting events.
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